DOCllBFHT BBSUHE 



190 



SE 031 6*)U 



RWTHOF 
TITLE 

INSTITUTION • 
SPONS RGFNCY 
BEPORT NO . 

pne dKte 

NQTE 

I^VftlLABT.f PPOM 



Consul tant s 



Benrd, a. Taylor: \And others 
APTI Course U27, Combustion Fvftluation 
Guide, 

Associated Environmental 
Charlottesville, Va. 
Environmental Protection 
Park, N.C. Rir Pollution 
EPf-a50/2-80-065 
Feb .90 • 

280p. : For related docujients, see SR,031 
Att achiT.ents may be marqinally legible. 
Nat ional ^Technical Information Service, 5825 
Royal Road, Springfield, VA 22161 (no price 
quoted) . 



I nst ructor • s 



Aqency, Research Triangle 
Training Inst. 



655-659. 



port 



EDPS PRICE 
DESCRIPTOPS 



IDENTTFIEPS 



MF01/PC12 Plus Postage. 

*.Air Pollution: *Environment : Fnvironi»ental 
Education: Environment^al Influences; *Fuel 
<;onsumption: *Fuelis: Natural Resources; *Pollution: 
*^''9Chnical Education: Technical instl^tes 
Air Emissions: *Coinbustion ^ 



ABSTRACT 



This instructor's mahual provides lesson plans for 
a course in combustion eva luat ioa • in cOntrCl of air 



the teaching of 
pollution. It includes: (1) an introduction, (2) goals, (3) 
instructional obiectives, (U) course background, (5) course agenda, 
(6) prerequisite skills, (7) iiitended student population, (8) course 
presentation, (9) texts andT handouts, (10) tests, (11) homeHork, (12) 
s^lides, And (13) thirty-one individual lesson plans. The course is 
intended to provide professionals with technical background and 
knowledge of fundamental and applied aspects of ' combustion as it 
relates. to air pollution control work. (RE) 



* ReprodTictions supplied by EDPS are the best that can be made, * 

* from the original document, * 
♦♦♦♦♦♦♦♦♦♦♦♦t***** **♦**>****♦***#************ ****** 



United Sta<cs * • Air Pollution Ttfiitiind Itistitiito f PA HO ()«>!> 

Envi^»nmental Protftction MD 20 f Phnuiiy 19H() 

/\Q^,„.y ' Envifonmental Rosoatch Contot 

MoM'iift-ii 1 ti.iiKiic p.iik Nc .>;/n 



Air 



APTI 

Course 427 

Combustion Evaluation 



InstruG^ 



tor's Guide 



U ^ Of PAK.-TME NT OF HE Al T H 
COUCATION4WCIFARC 
NATIONAL INSTITUTE OF 
EDUC ATlON 

OOll'VfN^ MAS »»M N 
[)VJ( F 0 f KA( U y AS HMIiViO f WOV 
iHf PfHSON OH C)Wl,ANl7AlK)N l)WU,lN 
ATIN(*I1 »»()INIS()> V« r W ()« ()f»l NiONS 
STAT t (> IK) NOT NICtSSAHiiY WM»Wt 
SI- NT 0» > l( lAl NA ] KJNAy INST 1 t ()' 

t OiU AT ION F»OSn ION ()W r»Ol i( Y 

) 



Prepared By: 
J. Taylor Beard 
F. Antonio lachetta 
Lem^t U Lilleleht 

Auociated Environmental Consultants 
P.O. Box 3863 
Chariottlsville, VA 22903 

Under Contract No. 
68022893 
EPA Project Officer 
James 0. Dealy 

United States Environmental Protection Agency 
Manpower and Technical Information Branch 
Office of Air Quality Planning and Standards 
Research Triangle Park, NO 27711 



Notice 

Tliis is not an official policy and standards document. Tht opinions, findings, and 
conclusions arc those of the authors and not necessarily those of the Environmental 
Protection Agency. Every attempt has been made to represent the present state of 
the art as well as subject areas still undtr evaluation. Any mention of products or 
organizations does not constitute endorsement by ^he United States Environmental 
Protection Agency. 



Availability of Copies of This Docutaent 

This document is issued by the Manpower and Technical Information Branch, Con- 
trol Programs Development Divisjon, Office of>Vir Quality Planning and Standards. 
USEPA. It was developed for use in training courses presented by the B^A Air Pollu 
tion .Training Institute and others receiving contractual or grant siipport from the 
Institute. Other organizations are welcom^ to use the document for tj^ining purposes. 

< r 
Schools or governmental air pollution control agencies establishing training programs 
may receive single copies of this document, free of charge, from the Air Polluwion 
Training Institute, USEPA, MD-20, Research Triangle Park.TMC 27711. pthers may 
obtain copies, fo^ a fee, from the National Technical Informatidn Service, 5825 Port . 

' Royal Road, Springfield. YA 22161. ^ '\ . 



2( 



■ /I'/K POI.I.VIION TRAININC instihhe 
MANPOWER AM) TECHNICAL INFORMATION BRANCH 

' CONTROL PROGRAMS DEVELOPMENT DIVISION , 
OFFICE OF AIR QUALITY PLANNING AND STANDARDS 




1 



The Air PoUutton Training Institute' (1) conducts training for personnel working on the develop 
tn^nt and improvement of state, and local governmental, and EPA air pollution control programs, 
as well as for personnel in industry arid academic institutions, (2) proindes consultation and other 
trainmf^ assistance to governmental agencies, educational institutions, industrial organizations, and 
others engaget^in air pollution training actn^tfWs, and (3) prompies the development and improve 
merit oj air pollution trathmg programs in eduiatidnal institutioni ariti state, regional, and local 
governmental air pollution control agencies Much of the program is now conducted b\ an on site 
contractor, Northrop Services, Inc. 

One of the principal mechanisms utilized to meet the likstitute's goals ts the intensive short term 
techriical training course AJull tirr\e professional staff is responsible for the (iesigri, development, 
and presentation of these courses. In addition tf^ sen/ices (ff scientists, engineers, and specialists 
from other EPA programs govenimental agencies, industries, and universities are used to augmerit 
and retifforce the Institute staff in the development and presentation of technical material 

Individual course objectives and desired learning outcomes are delineated to meet specific program 
needs through training Subject matter areas covered include air pollution source studies, atmos 
pheric dispersion, and air quality management These courses are presented in the Institute's resi 
d^nt classrooms and laboratories and at various fieda locations 
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A. INTROpUCnON 



Tills notebook contains the basic materials for use by the (irourse modera 
^6r and lecturers teaching "Combustion Evaluation in Air Pollu- 
tion Control." Among the materials included are: 

Course^ goals ^ 

Instructional obj^tives^ 

Course description and agenda 

Course prerequisite skills . ^ 

Intended student population , 

General discussion about course presentation 

List of text and other handout materials 

Pretest and post-test with answers 

Class problems and homework assignments * 
Lesspn plans for each agenda item 

llie lesson plans include: 

Lesson title, number, and time required? 
Lesson goal and objectives 
Student prerequisite skills 
^ Level of instruction* 

Intended students' professional background 
List of support materials and equipm^ent 
Special instructions (if any) 
List of key references 
"^i;^st of slides 

Lesson content outline keyed to slide^ and student manual 
Discussion questions j 
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B . GOAl>S 



FOR COMBUSTION EVALUATION IN -AIR POLLUTION CONTROL'. (/ 
AIR POLLUTION TRAINING INSTITUTE COURSE NO. 427 



The goals of Combustion Evaluation are to provide engineers , other tech~ 
nical and regulatory officials, and others with the knowledge of funda- 
mental* and applied aspects of combustion, as well as an overview of the 
state-of-the-art of combXistion technology as it relates to air pollution 
control work. Hiis knowledge will improve the 2±>ility of the partici- 
pants to perfopn their work with combustion-related air pollution prob- 
lems t evaluating actual and potential emissions from combustion sources, 
performing engineering inspections, and developing recommendations to 
improve the performance of malfunctioning combustion equipment. 

\ 

In order to achieve these goals, the participants will be taught to 
perform Calculations typical of those required for Combustion Evalua- 
tion* 

Emphasis will be placed, on those combustion sources and control devices < 
which are frequently encountered by engineers, including selected: 

1. ConU^ustion sources burning fossil fuel to generate steam 
or direct heat, 

2. Combustion sources burning liquid and solid waste, and 

3. Pollution control devices which utilize combustion for the 
control of gaseous and aerosol pollutants. 

At the conclusion of this course, the participants will be familiar with 
combustion principles and with tH^ more inqportant design and operational 
parameters which influence the air pollut^ion emissions from typical com- 
bustion sources Furthermore, they will be 2ible to perform selected 
fundamental calculations related to emissions quantities 2md requirements 
for complete combustion, ^e participants will understand some of ti\e 
more Importemt mechanisms Ip^ v^lch trace species are formed in and .enubt 
ly stationary combustion processes. The participants will understand the 
fays in which certain design and operation variables may be employed :bo 
Lnlmlse emissions. 



To achieve the maximum benefit from this course, participants should 
possess some engineering or scientific background. 



' C. INSTRUCTIONAL OBJECTIVES 'FOR ^'^ 

COMBUSTION EVALUATION IN AIR POLLUTION CONTROL / 



lie 

) • A 



Subject: Introdtction to Combustion Evaluation in Air Pollution 

Control 



Objective: Thfe student will be able to: 

a. identify three major goals of Combustion Evaluatioii in Air 
Pollution Control; ^ , 

b. list four of the subject areas which will be emphasized in the 
course (fundamentals of combustion, fuel properties, contous- 
tion system design, emission calculations, various combustion 
•equipment topics, NOj^ control); 

c. present two reasons for applying the fundamental concepts of 
combustion When trying to solve combustion evaluation prob- 
lems in air pollutioiT'controlM 

T ' 

d. list three of the important air pollutant emissions w^ich may 
be limited by combustion control. 

Subject: FundamentaJ-S of Combustion 

Objective : .The student will be cibLe to: " / 

a. , use the basic chemical equations for combustion reactiibns, 

with or without excess air^ to calculate air requirements 
and the quantities, of coitibustion products; 

b. apply tly ideal gas law to detertr^ne volumetric relationships 
for typiqal combustion situations; 

i 

c. distinguish betwe'en different types of combustion as char- 
actjBrized by carbonic theory (yellow flame) and hydroxyla- ^ 
tion' theory (blue flame); . . 

^1. define heat "of combustion, gross and net heating values, 
available heat, hypothetical available heat, sensible heat, 
latent heat, and heat content; 

e. determine the avail2dt>le heat obtained from burning fuels 
at/^different flue gas exit temperatures and with various 
amounts of excess air, using generalized correlations; 



\ 



fiu'ls bur II ; 

^j. list the four it^^ms mMM^ssary for efficriotU combur.t ion ; 

h. describe qualitatively 1 ht? int t^rr«^lat ionship.s betwt^tM^ tim<s 
temperature, Utirbulonct? , and oxyqon Trequi i od for jnoper com- 
bustion o£ a given fuel^^, 

i. recite the conditions for equilibrium; 

j. describe how an excess quantity of one roactant will affc^ct 
other croncent rat ions at equilibrium; 

k.^ cite th^ expression for the rate of reaction; 

1. identify the ArrherU us equat ion as a model for the influence 
oF temperature on combustion rate; 

m. define the activation energy; 

n. describe the mechanism of catalytic activity; and 

o. list the reasons for the deterioration of catalytic activity. 

Subject: Fuel Properties 

Objectives: The student will be able to: 



a- state the important chemical -properties which influence air 
pollutant emissions; * 

b. use tlie tables in the student- manual to find representative 
values for given fuel properties; ^ 

c. describe the difference in physical features which limit the 
rate of combustion for gaseous, liquid, and solid fuels; 

explain the .-importance of fuel properties such as flash point 
and upp^r-^d lower flammability limits which relate to safe 
operation of combustion installations; 



e. "use either specific or API gravity to determine the -total 
heat of combustion of a fuel oil; ^ ' 



f • describe the influence of variations in fuel oil viscosity 
on dropld-^&^-fwnnaatior^ on completeness of combustion and 
emissions; 'j, 

g. list th« iihportant components in the proximqite and ultimate 
^ , ^analyse-s; ^ 
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basis'* as they ajH^ly^to iho chemical analy^^is of^c)lid tur^ls; 
arid 

i. exi)lain the significance of ash fusl^on temj^oiature and caking 
index in the burning of coal. 

Subject: * Combustion System Design 

Objective: The student should be able to: 

a. descjibe the relationship between energy utilization, furnace 
hear'^transfer , and excess air as means of furnace temperature 
control; 

h. understand the limits which may be imposed by thermodynamic « 
laws and how these limits dictate choice of energy-recovery 
devices following the furnace; and 

c. calculate the energy required from fuel to meet an output 
* energy requirement. > 

Subject: Pollution Emission Calculations 

Objective: The student shoul<^ be 2d3le to: " 

a. describe the nature and origin of most of the published^^emis- 
sion factors and state what \.s necessary for more precise 
estimates of emissions from a specific installation with 
specific design features; 

e 

b. apply the proper method for using emission factors ^o deter- 
mine estimates of emissions from typical combustion sources; 

c. define and distinguish between concentration standards (C^g 
and Cj^g), pollutant mass rate standards (PMRs) # and process 

^ standards (Eg); ( 



use average emission factors to estimate 'the emissions from 
typical combustion installations; 

calculate the degree of control required for a given source 
to.be brought into cqinpliance with a given emission standard; 

perform calculations using the relationships between anti- 
cipated SO2 emissions and the sulfur content of ^liquid and 
solid fuels; ' ^ * 

identify the proper equation for coipputing j*^cess air from 
an (5rsat analysis of the flue gas of a oomDustion installa- 
tion; ' ^ 



c-oixl i t ioTifi of t i>mperat vir pros5une, mM.stviro c;ont(Mit, .uid 



oxi:<?sr> air; 



i.- identify am] use t.he pic^por factors fen* coi i ^^ct i nq fii^ld 
nuMSiit (MiuMit s to a ^■;t <in(1ai d bcisis, svic^h Ar- '"^O^ o^yiror.r. air,. 
12% CO2, and G^ O^i^ aiid ^ 

j. use r~factors to estimate emis^uonr> from a ccmbustiui) scnj!(,-e. 

r^. Svib ject : Combustion Control and Instumentat ion 

Obiective: The studerit will be able to: 

a. list the imiwrtant variables (steam pressur^^, steam flow 
rate, cjas tem{:)erature) which may serve as rhe controlled 
variables used to actuate fuel/air controls for combustion 
systems ; 

« 

b. describe the primary purpose '^)f a control system which is 
to, maintain combustion efficiency and thermal states; 

c. understand the interrelationships betwee^n varying load 
(energy output) requiremontis and both fuel/air flow and 
excess air; 

d. ^ idejitify instrument readings indicating improper combustion 

or energy transfer; and 

e. describe the influence of excess air (indicated by O2 in 
stack gases) on the boiler efficiency, fuel rate, and eco- 
nomics of a particular boiler installation. 

7. Subject: Gaseous Fuel Burning^ 

Objective: The student will be able to: . 

a. describe the functions of the gas burner; 

b. ^ define pre-mix and its influence on the type of flame; 

*# 

c. list burner design features and how these affect the limits 
^ of stable flame operating region; 

d. * name four different types of gas burners and their special 

design features; ' , 

e. cite typical gas furnace, breeching and stack operating 
/ temperatures, pressures, and. gas flow velocities; 

^ ^ f. describe the relationship between flue gas analyses and the^ 

air-to-fuel ratio; 
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g. list l)\Q causes and dev.. tjbo Lhe siqns ,of maHunctlonii^j 
gas-burning devices; and 

> • 

h. describe technique^ used 'to correot a malfunctioning gas- 
burning device. 

Subject: Fuel Oil Burning 

Objective: The student will be able to: 

\ 

a. describe the important design and emission characteristics 
ofi oil burners using air, steam/ mechanijcal (pressure) , and 
rorary-cup atomization; ^ 

b. describe the i4ifluence of temperature on oil viscosity and 
atomizati6n; 



c. describe how vanadium and sulfur content in fuel oil influ- 
ence furnace cotrosictn and air pollution emissions; 

d. o^^cribe burner nozzle maintenance and its influence on air 
pollutant emissions from oil combustion installations; and 

e, locate and use tabulated values of oil fuel properties and 
pollutant factors to compute uncon,trolled emissions from 
oil-burning sources ^ 

Subject: Direct-Fl2une and Catalytic Incineration 

Objective: Th^ student will be able to: 

a. cite examples of air pollution sources where direct-flame 
and catalytic afterburners are used to control gaseous 
emissions ; 

b. describe the influence of temperature on the residence time 
required for proper operation of afterburners; ^ 

c» app^y fundamental combustion calcta^tions to determine the 
auxiliary fuel required for direct-flame and catalytic 
incineration with and without energy, recovery ; 



^. perform the necessary calculations . to determine the proper 
pbysical dimensions of an afterburner for a specific appli- 
cation; \ ' ^ 

e. list three reasons for loss of catalytic activity and ways, 
of preventing such loss; and 

f . ^h^^ methods available for reducing afterburner operating 
costs. ^ 
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JUibjrct : Toal Huriuru| 

Obiect ive: The fstiidont will bo ablo to: 

a. describe the dosiiqn characM or i st i(\'; and oporatinq pia^Mico 
of coal burninq eqnipnwMit, inc^ludituj ovt*rf(>o(i, nru1(M' f o<v^ , , 
and spreader stokers , as wel 1 as pul verized and eye lone f ur-- 
nacesr-. 

b. discuss the parameters that influence 1 hV desiqn of overfire 
and underfire air (in systems which burn coal on grates) 



and for primary and secondary air (in systems 
coal in suspension) ; 



which burn 



c. describe the influence of tlife amount of volatile»matter and 
fixed carbon in the coal oh rts proper firina in a given 

If furnace design; .and /. 

d. describe how changing the^sh content and the heating value 
of coal cart influence the ' c6M)usti6h" as ^^w as the 'CiapAcl tj^.' 
of a specined steam generator. 

» • 

Subject: Solid Waste and Wood Burning 

Objective: The s^tudent will be able to: 

a. list the important similarities and differences in both the 
physical and chemical properties of solid waste , wood waste, 
and coal; 

b. describe the mechanical configurations required to complete 
combustion of solid waste and wood waste and compare with 
those for burning ' coal ; and ^ 

c. describe the unique combustion characteristics and emissions 

from burning unprepared solid waste and refuse-derived fuel. 

« 

Subject: Controlled-Air Incineration ^ 



Objective: The student will be able to: 



a. describe the combustion principles and pollution emission 
characteristics of controlled-air incinerators contrasted 
with ^hose of single an^ multiple-chamber designs; 

b. identify operating features which may cause ^moke emission 
from controllfed-ait incinerators; and 

c. relate the temperature of gases leaving the afterburner to 
the amoi^nt of auxiliary fuel needed by the afterburner. 



Objective: The student will be able to: 

^. cite special requirements associated with the coml)Ust ion of 
hazardous liquid ^d solid wast^; 

j^cite the special rc^qui remonts for treating the combustion 
products to control {XDllutant emissions from incineration 
operations ; 

t . . ' 

, c. list examples of substances and/or elements which cannot be 
controlled by incineration; 



d. describe the fuel requirements hecessai^y to dispose hazard- 
ous waste materials; and 

e. list a number of hazardous wast$ mat^erials (including poly- 
chlorinated biphenyls -i^ PCB ' s — pesticides , and some other 

^ - haiagenated r^rgaTiiCsr wiVtch^^^^^^^^^ be ais]p5'§ea oT 1^^^^^ 

through proper liquilfl incineration devices; give the required 
temperatures and residence times to achieve adequate destruc- 
tion. 

Subject: NOx Control 

Objective: The studewt wi;Ll be able to: " 

Si'. identify threes of the major stationary sources of NO^ emis- 
sions; 

b. locate and use emission factors to estimate the amount of 
NOy emitted by a potential combustion sou^^ce; 

c. describe the difference between mechanisms for forming 
"Thermal NOy" and "Fuel NOx"; 

d. describe various techniques for NOy control: fliie-gas 
recirculation, two-stagp combustion , excess air /control , 
catalytic dissociation, wet-scrubbing, water injection, and 

• reduced^ f uel burning rate; and 

e. : state the amount of NOx control aVailsd^le from particular 

examples of combustion modification ^ 

Subject: Improved Combustion through Design Modification 

Objective: The student will babble to: 

a. state the benefits of propl|r maintenance and adjustment of 
residential oil-combustion units; 
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tcnance of conrf\^|>i:ial oil-firod buinbr*;; 

c. discuss the di f f i^rerAre betwecMi '*miiumiim C)^** and "IowojU 
practical O2" and why thoj^p aro im{>ortant in industrial 
boi lers ; ^ 

d. list two reasons why a burnor v^y have a highor "minimum 
O2** level than the typical value; describe what remedies 
may be available; \ 

e. indicate the effect of the combustion modification technique 
on thermal efficiency:^ lowering excess ci^r, staged-air com- 
b'^ijstion; reduced combustion-air preheat, And fluG--gas reciv^ 

^ 9ulation; and ^ ^ 

f. dis(?liss why NO^^control from coal-fired utility boilers is 
more difficult to achieve than from similar oil or gas' units 

i " . ■ 

Subject : Waste Gas' Flares {Optional) ' ^ ] 

Objective: Tl^ student will be able to: * 



a. calculate the carbon-to-hydrogen ratio of a waste-gas stream 
"and determine when and how much steam will b^ required for 
smokeless-flare pperation; 



b. understand^ the. difference betwefen elevated and grouri^-level 
flares and the design considerations which underlie the 

' choice of one br other; and 

% 

c. describe pr6visiona for leveling waste-gas flow rates from 
intermittent sources V/ 

s\abject: Municipal Sewage \Sludge lincineratipn (Optional) 



Objective: The student will le to: 



a^ list and discuss the air pollutants emitted in incineration 
'Of sewage sludgef » f 

h. describe special design features- iSequired to burn w^t sew- 
age sludge ^uel; ( 

c. do^cribo. the combustion-rclatqd activity occurnlng iiy eacl\ 
of the four zones 6f the multiple-hearth js^ewage sludge 
inciherators r' ^ ' ' _ 

d. discuss the options of combustion air preheating, flue ga^ 
reheating, and energy recovery; and - ^ > 

e. list two important operational problems which can adversely 
influence air pollution emlssior 



J D. * COURSE BACKGROUND AND DESCRIPTION 

In 1966 the Air Pollution Training Program of the Robert A, Taft SanitaryC 
Engineering Center in Cincinnati, Ohio este^lished the course "CombustioVi* 
Evaluation^ Sources and Control Devices," No. 427. This course was ori- 
ginally taught by personnel of the Air Pollution Training Institute with 
the aid of variQiiS'^^^est lecturers. 



twe^p June 1972 and September 1978 ^ Assdciatfid Environmental Consultants 
of Charlottesville r Virginia taught '^Combustion Evaluation" twenty-seven 
times under contract with the U, S. Environmental Protection Agency. 



In 1978 Associated Environmental Consultants contracted to develop new 
objectives and instructional resource materials ao that the course could 
be taught by technically capable persons aft vjorious regional air pollu- 
tion control training centers throughout the 'united States/ • 

New course goals, instructional objectives, agenda, and intended student 
populations were selected follow^-ng discussion meetings with selected* 
advisers, ^ese meetings were held in EPA facilities at Research iTri- 
angle Park, NC (April 7, 1978 and June 1, 1978), Chicago, IL (May 16, 
1978) , and San Frai^jisco, CA (^ay 17, 1978). Attending the meetings, 
were the EPA project officer, JameB O. Dealy; a representative from 
Associated ^Environmental Consultants? and at the Chicago and San FrAn- 
cisco meetings, representatives selected from appropriate federal, state, 
and local air pollution control agencies. T*ie June 1, 1978 meeting was 
attended by representatives of the Air Pollution Training Institute, 
Northrop Services, Inc., the EPA Industrial Environmental ^search Lab- 
oratory, as well as other EPA research and regulatory divisions. 

The instruqtional resource mater i^ils which were developed include this 
Courjse Moderator's Manual ? the student manual , entitled: Combustion 
Evaluation in Air l^QllEation Control ; and the Workbook for gonibustion 
Evaluation in Air Pollution Control , 

The course tn6derator will note that the coxirse agenda (see Section 5) 
is arranged in a sequential format, which may }pie taught as indicated in 
the agenda, or may be rearranged to meet the' needs of ^various geographi- 
cal regions, as well as the available time which a particiAr group of 
students has to participate in training activities. ■ 

Lessons 1 through 8 provide a moAile 6t instructional material on the 
chemistry of combustion # containing spj^cific information about fuels 
ax^ combustion calculations. Many of the participants will have been 
previously introduced to this fundamental information in college chem- 
istry and physics courses. It is included in the course as a review. 



because of its imiX)rtanco in coml)USt ion and jH>l.lution omission calcu- 
lations- In addition, tlio fui^damental combustion concopts must 
understood in order to evaluate other coml)ust ion-relat ed air jxillution 
problems. Dei>endinq on the particular stiident ix>inilat ion , additional 
time may be used on these topics. Tlu\se areas may b(^ oVnitted from ^ 
course for students who require only the advanced information; however, 
they should read Chapter 1, 2, and .3 prior to their attendance. 

Lessons 9 through 14 provide a module of instructional material on com- 
bustion design and pollution emission computations. This nK)dule will 
be difficult for any student who dbgs not have an engineering or equi- 
valent background. However, field enforcement personnel and technicians 
y 1^ will profit from this if they possess engineering computational abili- 
, ties. ; 

Lessons 15 through 25 provide a module for instruction on the (design 
• • and operating features of topical con^ustion equipment which are im- 
port^ant for g<»od comt>ustion and air pollutant control. 



LfcSdons 26 through 30 provide an instructional ntodille containing > 
materials whieh is^of specific technical interesA:. * Two optional topics 
(flares and sewage sludge » incineration) are provided for the particu- 
lar interests of some regions or student jpopulations . These topics may 
be substituted in the place of other- topics (e.g., control led-air inci- ^ 
neratigri and combustion of hazard6us was1:e) , or they may be added to 
extend tnfe course. * The course moderator will use his or her judgment 
ar\d knowledge of the student population in this matter. 

'Additionally the course moderator may use discretion to revise the 
course agenda > provide m^re tim« for some lessons^ and less time for 
'others, 017 make the course longer or shorter. The students' background 
ariH their- training, ne^ds will be t^ie determining factors ir^ the modera- 
tor 's decision of the lesson topics. It is recommended that the sequence 
given in the first twen4:V-four lessons be followed, to accommodate^ 
prerequisites of eaqh lesson. Sequence rearrangement and substitution 
of .optional lessons after Lesson Z4 w4l^l not cause disruption, except 
that LessOn 28 should follow Lesson 21. \r 

A pre-tept and post-test have^been included to measure how effectively 
the instructional tibjectives have been achieved. x 




E. AGENDA FOR COMBUSTION EVALUATION IN AIR POLLUTION CONTROL 



DAY ^ TJME SUBJECT 



1^ 



Mond 

8:30 - 9:30 Registration and Pre-Test 

9:30-10:00 , Introduction to Combustion Evaluation 

/ 10 : 00 — 10: 5 0 ^ Fundamentals of Combustion I — Basic Chemistry 

11:10 - 12:00 Fundamentals of Combustion II — Thermochemical 

• ' " Relationships 

1:00 - ,\:50 . -Film - "Three T'S of Combustion" 

1:30 - 2^2 0 Reaction Kinetics 

2:40 - 3:20 Fuel P^pperties ^ 

34 20 - ,4:30 Problem Session I ^-^-^^ 

4:30 " Homework Assignment: Problem 1.5 

Tuesday. * • • \^ " ' 

8:30 - 9:00 , Review HomeworJ^jand Prfe-Test^esults 

9:00 - 10:00 Combustion System Design 

10:15 - 11:15 Problem Sessior#I1 * 
11:15 - 12:00 " ■ Pollution Emission Calculations I 

1:00 - 1:45 Problem Session IIl\ 

1:45 - 3:l5 Pollution EmiSsion Calculations II 

3:30 - 4:30 Problem Session IV 

4:30 Homework. Assignment: Problem 11.2^ IV. 3, IV. 5 



DAY ^i TIML 



SUBJHCT 



Wed nosUay 
8:.^0 - 
8: /IS _ 



8 :4S 



9 : 1 r> 



< 9: IS - 10:00 

10: IS _ 11 :00 

\ 11:00 - 12:00 

\ 

1:00 - 2:00 

2: 00 - , 2: 30 

2:45 ~ 3:45 



3: 45 - 
4: 35 

T hursday 



4: 30 



3:30 - 4:30 

. '4:30 

Friday^ 

8:30. - 8:45 
8:45 1- 9:45 
10:00 - 11:00 
11:00 - 12:00 
12:00/ 



/ 



Homework Rev i ew 

lilt i nduct ion to Combust ion Cont rob^-^ 
Cl'iljn ^ "Rollers and Their ,Control" ^ ' 
Combus tion I ns tall at ion I ns trumentation 
Gaseous Fuel Burning ^ 
Fuel Oil Burning 

Film — "Combustion for Control of Gaseous 
Pollutants" 

Direct Flame and Catalytic Incineration 

Problem Session V 

Homework Assignment: Problem V.2 



8: 


30 


- 8: 


45 


Homework Review^ 


8: 


45 


" 10: 


30 


Coal'*Burning 


10: 


45 


- 12: 


00 


Solid Waste and Wood Burning 




00 


- 2: 


00 


Problem Session VI • 

"v ■ . 


2: 


15 


- 3: 


15 ■ 


Controlled Air Inc-flTneration (or optional 




Combustion of Hazardouyfe- Was 
topic) 

/ 

Homework Assignment; ^Problem VI. 2 



Homework Review ^ 
NQx Control Theory 
Combustion Modifications 
Post-Test ' 
Coujrset Concludes 



optional 



Optional Topic 1: Flares 

Optional ,To;^ic 2: Sewage Sludge Incineration 



/ 



F. COURSE PREREQUISITE SKILLS 

Prerequisites for Course 427 include^completion of dourse 452, or 
equivalent experience, and one of the following: college-level 
training In physical science, engineering, or mathematics. 



G. INTENDED STUDENT POPULATION 

'\ ■ 

Becausje this course Is designed around student participation. It Is 
Import^it that students selected for the courst liave the proper back- 
ground \p that they may both benefit frote, and contribute to, the 
course presented. ^ 

Combustion Evaluation In Air Pollution Control Is prepared for engl'^ 
neera^ technical staff, regulatory officials, and others who work In 
combustion-related areas of air pollution control. The course will 
be usefu!l4 f or the above personnel Vho work In federal, stat«, and 
local control agencies as well as for Industry.' ^ ) 

The Ideal class size Is 20 to 35 -students. There should be enough 
students to facilitate good discussions and ilot^ so many that some 
will not be able ask questions or clearly see pi:ojected materials 
or the chalkboard. i * 



H. DISCUSSION AaQU|P COURSE PRESENTATION 

Instructors - The three most Important criteria In the faculty selection 
for this course are: (a) knowledge of combustion fundamentals and 



practice related to air pollution control; (b) practical experience with 
eilaluatlon of air pollution emissions from combustion sources; and 
(c) experience (and ability) to use lecture and problem session tech- 
niques to instruct Mdults. In addition, the Course Moderator shoui^ 
select instructors known to have positive attitudes toward air pmlutlon 
control regulations. . ^ ^ 

Jt would be particularly helpful if J.nstruc.toirjp w^re able to sit in on 
earlier offerings of the-^course in order to gain an appre<?iation^f the 
background and needs of typical students. 

The Course Moderator should schedule a briefing se^^ion before any in- 
structor is permitted to go before a class. This session should cover 
a brief review of the overall course and the lesson objectives^* Dis- 
cussion should ensure that the instructor is well-prepared and comfort- 
able with the material and techniques to be used. 

Lesson plans ^should be distjributed in advance to the faculty to give 
adequa?te lead time for preparation. Preparation must include the study 
of the appropriate sections of the moderator's manv^alf visual aids, 
student manual^ .student workbool^, and key references noted in the lesson 
con^6nt outline. • ^ 

Each lesson plan oul^lined i» designed for a limited time. Instructors 
should be cautioned to obserj^e- time schedules.. There , is no reason why 
instructors c*nnot vary the /format or content of any given lesson, as 
long as lesson objectives aftre met. However, all variations should be 
to encourage greate^- stud^mt participation. - ; 




Phy^icai^'S#<?Qng — ^n selecting the physical setting for this course, 
the course moderator must anticipate Several special reqi^ements. ; 
^Students will perform calculations iA problem ^session, so T:ables with * 
comfortab'le chairs will be needed. Students should not be crowded tc5-- 
gether , las it would interfere witlj €heir use of the course ^nual and 
workbook to solve claBs problems and tak^ notes. 

Projection slides will be used to illustrate lectures, so proper pro- 
jection equipment, screen, and room darkening will be required* The 
students will be referring to particular .materials in their manuals 
during the lectijres^ so at feast pome partial ^lighting may be required, 
even %^ile the slldeff are b^ing shown* A chalkboard large enough to 
present computational problem solutions also will be needed. 

Checklist of Activities for Presenting the Course — The following cheick- 
list will serve as a guide to assure cohslderation of special items: 

\ ■ 

1. Pre-^Course Responsibilities: 

»■ ' ■ ■» 

a. Keserve and confirm classroom, ^Including sJ^zel, "set-up," 
location, and Qoats (if any). 



V 



ERIC 



b. Select, contact, and confirm all faculty (speakers) for the 
course. Forward materials to them. 

c- Reserve hotel accommodations for faculty (if neededj . 

d. Arrange for food services (i-e., coffee breaks, water, etc.) 

e. Reviei^nd modify program curricula to recognize regional 
interest, based on assessment of need. 

f. Prepare and reproduce final ("revised" if appropriate) copy 
of the agenda. ^ ^ ^ 

g. Reproduce final registration roster. 

h. Prel^are name badges and name "tents" for dtxidents and faculty.^ 

i. Identify, order, and confirm all A-V e(5[uipment needed. 

j. Obtain sufficient copies of EPA Student Manuals, Workbooks, ^ 
Pre-Test, and Post-Test. 



Pack and ship supplii^s and materials to the course location^' 

prior to beginning of course (if appropriate). 

2. On-site Course Responsibilities^ 

v_ / ■ 1 
a. DeteYmine and check on final room arrangements (i-ie., tables, 

chairs, lectern, water, cups, etc.). 

» y 

^ b. Set up A-V equipment required each day and brief operator (if 

supplied) . 

c. Alert receptionist, watchmen, etc., of name, location, and 

schedule of the prograun. 

V ft, 

Set up and handle final registration check-in procedures. 

e. Conduct a new speaker (s) briefing session on a daily basis. 

r 

Verify and make final coffee arrangements (where appropri- 
ate) M 

Make a final- check on aririval of guest ^speakers (instructors) 

for the day. 

h. Collect student evaluation critiques at the end of the course. 

i^ Award certificates on last day of course. 



t 
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3.- Post-Course Responsibilities 

* 

^ a. Request expense statements from faculty; order and process 
checks, 

b. Write thank-you ^.etters and send ctiiScks to paid faculty, 

- ^ c. Write thank-you letters to non-paid guest spea)cers. 

d. .Ptepare evaluation on each course (including instructors, 
content/ facilities, etc) . 
■• * . f 

^ e,N^e sure A-V equipment is returned. 

f . Return unused materials to the appropriate office. 



I. LIST OF TEXfS AND OTHER HANDOUT MATERIALS 

The following lesson materials should be available for each student: tak 
ing the course: 

if ♦ 

1 . Course Manual r Combustion Evaluation in Air Pollution Control 
J, T. Beard, f . A, lachetta, and L. 0, Lilleleht- 

r 

2 . Workbook foiT . Combustion Evaluation in Air Pollution Control by 
J. T\ Beard, FT A, lachetta, and L, U, Lilleleht, j 

/ 

3. Pre-Test 

/ 

r 

4. Pos^Test 

5. Final Registration Roster 

6. Strident Critique Sheets ^ 

7. Course Certificates 



J. PRE-TEST AND POST-TEST 

Bie Pre-Ttea't eind the Post-Test are found as part of Lesson Plan 31 
Answers to each are provided. 
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K. CLASS Problems and homework assignments 

The class problems for Problem Sessions I through VI are found In the 
Workbook In Chapters I through VI, respectively* Ans^wers to the prob 
lems are found ^6 part of Lesson Plans 7, 10, 12, lA, 21, and 2A. 

i 

L. MASTER LIST OF SLIDES (Pages 20 through 38) 



M. LESION PLANS EACH AGENDA ITEM 

The detailed lesson plans for each agenda item follow cjie master list 
of slides. 



/ 



t 1 

SLIDE. NUMBER* 


TITLE OF SLIDE ' 1 

— — , — ; 1 




* 1 

lASSON 1: INTRODUCTION TO COMBUSTION^ALUATION IN AIR 1 






49 7-1-1 1 
si Z / X X 1 

A 1 


t- 1 

rT\IVT c ^ — 1 


4 9 7-1-9 1 
1^ / J. ^ 1 


r*OTlPCT? UTTT ITMPUJV G T *7r' 1 


427-1-3 1 

* 1 


PTTPT RTIRNTMP QHITPPPC P 


497-1—4 .1 




427-1-5 1 


AIR POLLUTION EMISSIONS CONTROLLED BY COMBUSTION ^ 1 


427-1-6' 

> 1 


AT THE CdNCLUSION OF ' THE COURSE ^ * I 


1 


, —^^^vi o . T7iixmAKn?MTAT c nir mMW]<;TTON IT - BASIC CHEMISTRY 1 
LESSON il ruNlJAMi!!iNlALi> Ur vjUriDUDixww x± i^nuj-v^ v»h*-i^aj.u**_* ■ 


427-2-1 


T7iTXTnAKn7NTAT OF COMBUSTION 1 


427-2-2 , 


rPMPRAT COMBUSTION REACTION 1 


427-2-3 


1 " # 

f«iiTfc¥TT» » c ATT r'nMHlT<sTTnN 1 
THREE T o \)r L«uni}ur>i i-uiN i 


427-2-4 > 


O.. • 1 
^COMPLETE CQMoUbiiUW i 


427-2-5 


tupVippttcai AIR FOR COMPLETE COMBUSTION 1 


427-2-6 


1 ^» AwwlitiTT TTv T TMTTQ OF COMBUSTIBLE VAPORS IN AIR 1 
1 FLAMMABILITi Lirii i i> ^unuij^ a xuuti t . . 


427-2-7 


1 oTAionAim pamHTTTONS 1 


427-2-8 


1 IDEAL (PERFLLl; ijAo Li/iW ^ 1 


427-2-9 


t PHAPTFS' AND BOYLE'S LAWS " 1 


427-2-10 


1 otfTirrT'wn pwArTTONS Til' COMBUSTION SEQUENCE 1 


427-2-11 


1 r» A D K AM T r THFORY 1 


y •> "T o t O 

427-2^14 


1 itvnpnYYTATTON TOfeORY 1 


427-2-13 


1 V^T T AM 1?T AMK ^ ■ ■ . *, ■ 1 
. ' V 1 


427-2-14 . 


1 BLUE FLAME . ^ 1 


427-2-15 


1 STEAM INJECTION TO YELLOW FLAME \ 1 


1 ; ^ 1 



SLIDE NUMBER 



427-3-1 
427-3-2 
427-3-3 
427-3-4 
27-3-5 



427-3-6 
41 

427-3-9 



427-5-1 
427-5-2 
427-5-3 
427-5-4 
427-5-5 
427-5-6 
427-5-7 
427-5-8 
427-5-9 



TITLE OF SLIDE 



LESSON 3 ; FUNDAMENTALS OF COMBUSTION 11 - THERMOCHEMICAL 



RELATIONSHIPS 



GROSS HEATING VALUE 
NET HEATING VALUE . 

ADIABATIC STEADY STATE HEAT BALANCE 

HEAT BALANCE ACROSS SYSTEM BOUNDARY WITHOUT HEAT LOSS , 

GENERALIZED COMPARISON OF PURE HYDROCARBON FUELS IN 
COMPLETE COMBUSTION 

AVAILABLE HEATS FRO SOME TYPICAL FUELS 
AVAILABLE HEATS WITH EXCESS AIR 
FURNACE LOSSES 

SUMMARY OF HEAT BALANCE TERMS 

LESSON 4: FI LM: 3 T'a OF COMBUSTION (NO SLIDES REQUIRED) 

— - ■ ■ ^ \ ' - - -■ ^ i " . ,. 

LESSON 5; REACTION KINETICS , 
CHEMIC7VL REACTION RA-^ES 
EQUILIBRIUM CONDITIONS 
TRANSITION STATE CONCEPT 

TEMPERATORE EFFECT ON REACTION RATE > 
TYPICAL CATALYSTS AND THEIR SUPPORTS 
STEPS IN CATALYTIC REACTION SEQUEHJCE 
SCHEMATIC OF \rHE CATALYTIC REACTION SEQUENCE 
ARRHENIUS PLOT WITH AND WITHOUT CATALYST 
DETERIORATION OF PLATINUM CATALYTIC ACTIVITY 



>ERJC 



21 



SUDE NUMBER 


TITLEOFSUDE 






LESSON 6: FUEL PROPERTIES 




/♦27-6-1 




GASEOUS FUELS HAVE RATE OF COMBUSTION 








HIGHER HEATING VALUE 




427-6-3 




LOWER HEATING VALUE 




427-6^ 




API GRAVITY 




427-6-5 




APPROXIMATE VISCOSITY OF FUEL OIL 




4.27-6-6 




PROXIMATE ANALYSIS OF SELECTED COAL 




427-6-7 




ULlinAlfc ANALYSIS OF SELECTED COAL (AS RECEIVED) 




427-6-8 




ULTIMATE ANALYSIS OF SELECTED COAL (DRY^ BASIS) 




427-6-9' 




SELECTED SIZE DISTRIBUTION AND MOISTURE OF HOGGED FUELS 
LESSON 7: PROBLEM SESSION I (No slides required) 




- 




LESSON 8; REVIEW OF HOMEWORK It No slides reaulred) 








■ ■ / 
LESSON 9: 'COMBUSTION SYSTEMS DESIGN 1 




427-9-1 




FURNACE DESIGN CONSIDERATIONS ^ 




427-9-2 








427-9-3 




STEAM GENERATOR ENERGY DISTRIBUTION 




427-9-4 




ENERGY dJsTRIBUTION 

■ . ■ ) 

LESSON 10: PROBLEM SESSION II (No slides required) / 




* 


1 


\ 





SLIDE NUMBER 

♦ 


TITLE OF SLIDE 




1 

LESSON 11: POLLUTION l^Ml^SlONS - CALCUIJVTIONS I 


427-U-l ' ^ 


NOMENCLATURE OF STANDARDS 


A27-11-2 


C , MASS STANDARD 
ms 


427-11-3 


POLLUTANT MASS RATE STANDARD 


427-11-4 


PROCESS STANDARD 


427-11-5 


EMISSION FACTORS FOR FUEL OIL COMBUSTION 


427-11-6 


EMISSION FACTORS FOR NATURAL GAS COMBUSTION 


427-11-7 


SO2 EMISSION ESTIMATE,, GIVEN: 


427-11-8 


EMISSION ESTIMATE FROM BASIC CHEMISTRY 
EMISSION CALCULATION 


427-11-9 


427-11-10 


RECOMPUTATION WITH EMISSION FACTOR 


427-11-11 


PflOCESS EMISSION 


427-11-12 


UNCONTROLLED PARTICULATE EMISSION ESTIMATE 


427-11-13 


V 

\FRACTIONAL COLLECTIONAL EFFICII^CIES OF PARTICULATE 
CONTROL EQUIPMEI^ 

LESSON 12: PROBLEM SESSION III (No slides required) 

* 

,1 

1 \ 

■> 








V 



11 



SLIDE NUMBER 




A27 


-13 


-1 


427 


-13 


-2 


A27 


-13 


-3 


427 


-13 


-4 


427 


-13 


-5 


427 


-13 


-6 


427 


-13 


-7 


427 


-13- 


-8 


427 


-13- 


-9 


427- 


-13- 


-10 


427- 


-13- 


-11 


427- 


-13- 


-12 


427- 


-13- 


-13 


427- 


-13 


-14 


427- 


-13- 


-15 


427- 


-13- 


-16 


427- 


-13- 


-17 


427- 


-13- 


-18 


427- 


-13- 


-19 


427- 


-13- 


-20 


427- 


-13- 


-21 


427- 


-13- 


-22 


427- 


-13-23 



TITLE OF SLIDE 



LESSON 13: POLLUTION EMISSION CALCUIJVTIONS II 



GAS VOLUME CORRECTIONS 
GAS CORRECTIONS FOR CONCENTRATION 
r GAS CORRECTIONS FOR DENSITY 
EXCESS ^il^ CORRECTIONS 
C0RRECT;0NS to 50% EXCESS AIR 
CORRECTIONS TO 12% CO2 
CORRECTIONS TO 6% O2 
EXCESS AIR PERCENT 
EXAMPLE WITHOUT EXCESS AIR 
EXAMPLE WITH EXCESS AIR 
EXCESS AIR FROM ORSAT ANALYSIS 
SAMPLE OF ORSAT DATA APPLICATION 
CALCULATE % EXCESS AIR 
EXAMPLE PROCESS EMISSION STANDARD ' 
DEFINITION OF AN "E" STANDARD PROBLEM 
SOLUTI^ OF SAMPLE "E" PROBLEM 



ALLOWABLE EMISSION' 

\ 

ACTUAL PARTICULATE RATE 
F-FACTOR CONCEPT 
EMISSION IN TERMS OF F-FACTOR 
EQUATIONS FOR F^ FACTOR 
EQUATION FOR F^ FACTOR 
TABLE OF F-FACTORS 

— T — ^ 



r 



24 



30 



SLIDE NUMBER 


TITLE OF SLIDE 




LESSON 14: PROBLEM SESSION IV, (No slides required)" 




LESSON 15: INTRODUCTION TO COMBUSTION CONTROL 


A27-15-1 


SCHEMATIC OF STEAM-FLOW ORIFICE STATION 


A27-15-2 


ACTUAL STEAM-FLOW ORIFICE STATION 


427-15-3 


STEAM-FLOW DIFFERENTIAL SENSING AND TRANSFER UNIT 


427-15-4 


AUTOMATIC FORCED-DRAFT FAN INLET LOUVER CONTg^ 


427-15-5 

• 


AUTOMATIC GAS-FLOW CONTROL VALVE 


427-15-6 


DIAGRAM OF A COMBUSTION CONTROL FOR A SPREADER-STOKER 
FIRED BOILER 


427-15-7 


DIAGRAM OF A COMBUSTION CONTROL FOR A GAS- AND OIL-FIRED 
BOILER 


427-15-8 


DIAGRAM .OF A COMBUSTION CONTROL FOR A PULVERIZED-COAL 
FIRED BOILER 


427-15-9 


DIAGRAM OF A COMBUSTION CONTROL FOR A CYCLONE-^TCRED BOILER 
LESSON 16:, doMfiUSTION INSTALLATION INSTRUMENTATION 


\ 


427-16-1 


STEAM-FLOW AIR-FLOW METER AND CHART : 


' 427-16-2 

- 


DRAFT GUAGES ON SPREADER STOKER-FIRED BOILER INSTRUMENT 
PANEL . \ \ 


427-16-3 


GAS AND WATER TEMPERATURES OF ECONOMIZER 


A27-16-4 


INSTRUMENT PANEL WITH REMOTE STACK SMOKE INDICATOR 


427-16-5 


SKETCH. OF REMOTE STACK SMOKE INDICATOR 


A27-16-6 


RANEREX CONTINUOUS CO2 METER ' ^ 


427-16-7 


TYPICAL O2 READINGS 


427-16-8 


TYPICAL CO2 READINGS , * ^ 


427-16-9 


EFFl^pT 9F EXCESS AIR (FLUE GAS CO2) ON COMBUSTION EFFICIENC 


427-16-10 


IMPROVED EFFICIENCY CASCADE 

. . '25 ■ 



SLIDE NUMBER 



TTTLE OF SLIDE 



427-17-1 

A27-17-2 

A27-17-3 

A27-17-A 

427-17-5 

427-17-6 

427-17-7 

427-A7-B^ 

427-\j-9 

427-17-10 



LESSON 17: GASEOUS FUEL BURNING 



BLUE FLAME 



YELLOW ^-LAME 



ATftOSPHERIC BURNERS - FLAME STABILITY 



ATMOSPHERIC PREMIX TYPE GAS BURNER 



MULTI-FUEL OIL GASIFYING BURNER 



FURNACE HEAT RELEASE RATE 



COMPARITIVE FURNACE SIZES 



TYPICAL BREECHING AND STACK CONDITIONS 



VELOCITY IN CONVECTIVE SECTION 



FLUE GAS ANALYSIS 



26 



32 



SLIDE NUMBER 


TITLE OF SLIDE 




LESSON 18: FUEL OIL BURNING 


427-18-1 


PURPOSE OF FUEL OIL BURNING 


427-18-2 


feEQUIREMENTS FOR COMPLETE COMBUSl'lON 


427-18-3 


MODE OF CPMBUSTION OF FUEL OIL DROPLETS 


427-18-4 


APPROXIMATE VISCOSITY OF FUEL OILS 


427-18-5 


Tvtl^L ExfjESS AIR LEVELS 


427-18-6 


VOLUMETRIC HEAT RELEASE RATES AND" RESIDENCE TIMES 


427-18-7 


SCOTCH-MARINE BOILER 


427-18-8 


INTEGRAL FURNACE BOILER 


427-18-9 


WATER WALL TUBES 


427-18-10 


WATER IHflLL TUBES 


' 427-18-11 


INTEGRAL FURNACE BOILER, TYPE D ' • 


427-18-12 


VERTICALLY-FIRED OIL BURNING FURNACE 


427-18-13 


TEMPERATURES IN BOILER OF PREVIOUS SLIDE 


427-18-14 


BOILER, TANGENTIALLY FIRED \ . \ 


427-18-15 


WATER-WALL FURNACE CROSS SECTION (TANGENTIALLY FIRED) " 


427-18-16 


ATOMIZING CHARACTERISTICS OF DIFFlSlENT BURNERS 


427-18-17 


ROTARY CUP BURNER 


427-18-18 


HIGH-PRESSURE ATOMIZER (DOMESTIC) 


427-18-19 


LOW-PRESSURE AIR ATOMIZER \ ' 

\ 


•427-18-20 


LOW-PRESSURE AIN ATOMIZER SKETCH ' ^ 


4,27-18-21 

1 

427-18i-'22 


LOW-PRESSURE AIR ATOMIZER COUNTED IN COMMERCIAL FURNACE 


TANiSENTIAL SWIRL NOZZLES 


427-18-23 


SWIRL DEVICE FOR SECONDARY AIR 

1 







SLIDE NUMBER 


TITLE OF SLIDE 








LESSON 18: FUEL OIL BURNING continued 


427-18-24 


HIGH-PRESSURE ATOMIZER 


427-18-25 


MECHANICAL ATOMIZATION (WITH RETURN FLOW, SPILL BACK) 


427-18-26/ 


EXAMPLES OF RETURN FLOW HIGH AND LOW FIRE 


427-18-27 1 


STEAM ATOMIZING (INTERNAL MIX) 


427-18-28 


STEAM ATOMIZING (INTERNAL MIX) 


427-18-29 


INTERNAL MIX STEAM ATOMIZING NOZZLE 


'427-18-30 ^ 


INTERNAL MIX STEAM ATOMIZING NOZZLE 

1 


427-18-31 


INTERNAL MIX STEAM ATOMIZING NOZZLE 


427-18-32 


STEAM OR AIR ATOMIZING BURNER (EXTERNAL MIX) 


427-18-33 


INFLUENCE OF D^FT - CASE HISTORY 


427-18-34 

1 

V 

* 


SMOKE - CO^ CHARACTERISTICS 

\ . T ■ 

r • ^ 




• 


> • 

1 

» 


m 


* 





: 34 



SLIDE NUMBER 


TITLE OF SLIDE 


• 


1 

LESSON 19: FILM - "COMBUSTION FOR CONTROL OF GASEOUS 
EMISSIONS" (No slides required) , «... 




LESSON 20: DIRECT FLAME AND CATALYTIC INCINERATION 


427-20-1 


CONTROL OF OBJECTIONABLE GASES AND VAP0R5 


427-20-2 


COMBUSTION EQUIPMENT 


427-20-3 


DIRECT FLAME OXIDATION 


427-20-4 ^ 


COUPLED EFFECTS OF TEMPERATURE AND TIME ON HYDROCARBON - 
OXIDATION RATE ' 


427-20-5 

•• 


TYPICAL THERMAL AFTERBURNER EFFECTIVENESS FOR HYDROCARBON 
AND CARBON MONOXIDE MIXTURES 


\427-20-6 


INDUCED DRAFT FUME INCINERATOR 


427-20-7 > 


DIRECT-FLAME AFTERBURNER 


427-20-8 I 


CATALYTIC AFTERBURNER ^CHEhiATIC I 


■ t 
4'27-20-9 1 


OXIDATION TEMPERATURE 


427-20-10 


INDUSTRIAL APPLICATIONS OF CATALYTIC COMBUSTION 


427-20-11 


TYPICAL CATALYSTS AND THEIR SUPPORTS 


427-20-12 

« 


LOSS OF CATALYST ACTIVITY 


427-20-13 


CATALYTIC INCINERATOR WITH RECYCLE AND HEAT ECONOMIZER 


427-20-14 


CERAMIC BED REGENERATIVE-TYPE INCINERATOR AND HEAT 

1 

RECOVERY SYSTEM >^ 

V 


( 

1 

f 


. - ? ■ ■ 

1 _ - , 

* f ' 

#1 



SLIDE NUMBER 


nUEOF SLIDE 




LESSON 21: PROBLEM SESSION V: (No slides required) 

. . . - . ,1 ■ -. .- A. ■ — ^ ...... m - r , 

LESSON 22: COAL BURNING 


427-22-1 


COAL RESERVES - BILLIONS OF TONS _ 


427-22-2 


COAL SOURCE DISTRIBUTION ..^ 


427-22-3 


COAL AITALYSIS 


427-22-4 


INFLUENCE OF FIXED CARBON AND VOLATILE MATTER ON FIRING 
EQUIPMENT 

CHAIN GRATE STOKER 


427-22-5 


427-22-6 


VIBRATING GRATE STOKER 


427-22-7 ' 


UNDERFEED SINGLE RETORT STOKER 


427-22-8 


SECTION THRU UNDERFEED STOKER. 




UNDULATING GRATE STOKER 

.... 


427-22-10 


PULVERIZED COAL BURNER • 


427-22-11 


MULTIFUEL BURNER 


427-22-12 


V 

^ ■ t I 

SPREADER STOKER SCHEMATIC 


427-22-13 


SPREADER STOKER 


427-22-14 


CYCLONE FURNACE 


427-22-15 


PULVERIZED COAL-FIRED BOILER 


427-22-16 


CYCLONE FURNACE 


427-22-17 


BOILER WITH CYCLONE FURNACE 


427-22-18 


COMBUSTION AIR - THEORETICAL 


■ , - 


CCWBUSTION AIR - GIVEN ULTIMATE ANALYSIS 


,427-22-20 


EFFECT OF COAL FILING RAffE AND SIZE CONSIST 


427/-22-21 

/ • 


EFFECT Qi^ EXCESS AIR (FLUE GAS CO2) ON COMBUSTION 
EPFlClKiiCY 
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SLIDE NUMBER 



1 

— ^ 

TITL^IOF SLIDE 



427-23-1 
427-23-2 
427-23-3 
427-23^4 
427-23-5 
427-23-6 
kll-l'S-l 

427-23-10 

427-23-11 

427-23-12 

427-^3-13 

427-23-14 

427-23-15 

427-23-16 

427-23-17 

427-23-18 

427-23-19 

427-23-20 

427-23-21 

427-23-22 



LKSSON 23: SOLID WASTE ANitI WOO!) HURNINC: 
AVERAGE COMPOSITION OF MUN||c;IPAL WASTE 
AVERAGE ULTIMATE ANALYSIS ' 
WASTE IN AN INCINERATOR STORAGE 
HOG FUEL STORAGE PILE 
CLARIFIER SLUDGE 

ULTIMATE ANALYSIS OF DRY HOGGED FUEL 

* T . 

SIZE AND MOISTURE-CONTENT OF HOGGED FUEL COMPONENTS 

'■ ■» . 

HEATING VALUES OF BARl): AND WOOD 

HIGHER HEAT VALUE OF MUNICIPAL WASTE COMPONENTS 

FLOW CHART - REFRACTORY WALL INCINERATOR 

CHAIN GRATE 

RECIPROCATING GRATES 

REVERSE RECIPROCATING GRATE ^ 

V^TE-FIRED BOlLfiR WITH BARREL GRATE 

plAGRAM OF AIR-SWEPT SPREADER STOKER NOZZLE 

AIR-SWEPT SPREADER ON WOOD-FIRED BOILER 

ENERGY RELEASE RATES - SOLID WASTE AND WOOD WASTES 

HARRISBURG INCINERATOR 

SOLID WASTE BOILER WITH RECIPROCATING GRATES 
DUTCH OVEN FIRED BOILER 
FUEL CELL FIRED WOOD WASTE BOILER 
INCLINED^RATE WOOD WASTE BOILER 

LESSON 24; PROBLEM SESSION VI (No slides required) 



SLIDE NUMBER 


TITLE OF SLIDE 




LESSON 25 1 CONTROIiLS!D ATR INCINERATOR 




427-25-1 


AVERAGE ntlSSIOM FACTORS FOR REPtlSE COMBUSTION 




427-25-2 


PLUE FED SIHGLE CHIiMBER INCINERATOR 




427-25-3 


APARTMENT HOUSE INCINERATOR WITH SEPARATE STORAGE BIN 

■f 




427-25-4 


MULTIPLE^CHAMBER RETORT INCINERATOR 




427-25-5 


MULTIPLE-<!HAMBBR IN-LINE INCINERATOR 




427-25-6 






427-25-7 


CONTROLLED AIR INCINERATOR 




427-25-8 


CONTROLLED PROPORTIONATE AIR DISITUBUTION 




427-25-9 


AIR DELIVERY BLOHER 


r 


427-25-10 


PRIMARY CHAMBER PRODUCES VOIATII£ GASES 




427-25-11 


^ICPOMIIARY CHAMBER 


K 


427-25-12 


* 

r 


} 


427-25-13 


RELATIVE SIZE OP PRIMARY AND SECONDARY CHAMBERS . 




427-25-14 


FACTORY MANnFAPTTTRED 


1 


427-25-15 


MODULAR tIMIT AT MUNICIPAL FACILITY 


427-25-16 


CHMIGIKG OF AUTOMATIC FEED HOPPER 




427-25-17 


ASH REMO^TAL DOORS 




427-25-18 


AUXILIARY l%EL BURNER 




427-25-19 


HULTZPLE AUXILIARY BURNERS FOR PRIMARY. CHAMBER OT PATHOLO- 
GICAL HASTE mCIMERATOR 


427-25-20 

> 


^COMPACT NASTC CHARGE 




427-25-21 


CHARGING WITH OPEN DOOR 




427-25-22 


MODIFY CCHflKOLLBR 1KMPBRATURE SETTING ^ 




427-25-23 


DAMAGED REFRACTCStY AND UMDERFIRE AIR PIPE 




427-25-24 
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SLIDE NUMBER 


r ^ 

TITLE OF SLIDE 

* 


427-25-25 


INCINERATOR WITH STEAM GENERATION 


427-25-26 


INCINERATOR WITH CONTINUOUS FEED AND ASH REMOVAL 

• 

LESSON 26 1 COMBUSTION OF HAZARDOUS WASTE 


427-26-1 


COMPARISON OF THERMAL DESTRUCTION OF PESTICIDES AND 
PCB ' 8 


427-26-2 


THERMAL DESTRUCTION ZONES FOR VARIOUS PESTICIDES 


427-26-3 


SUBMERGED-COMBUSTION INCINERATOR 


427-26-4 


KEPONE INCINERATION TEST SYSTEM , 


427-26-5 


ROTARY KILN INCINERATOR ^ . 

V 


427-26-6 


FLUIDIZED-BED INCINERATOR SCHEMATIC 

\ 

« 










- 
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TITLE OF SLIDE 



LESSbN 27: NO^^ CONTROL THEORY 



427-27-1 
427-27-3 
Un-21-5 

427-27-10 
■ 427-27-11 
427-27-12 
427-27-13 
427-27-14 
427-27-15 
427-27-16 

427-27-18 
427-27-19 

427-27-2Q 



SUMMARY OF 1974 STATIONARY SOURCE NO^ EMISSIONS 
ANNUAL NATIONWIDE NO^^ EMISSION PROJECTIONS TO 2000 



EXAMPLE OF TRANSIENT SMOG CONDITIONS IN LOS ANGELES, CA 

EXAMPLE OF EXPERIMENTAL SMOG CHAMBER DATA 

GENERALIZED PHOTOCHEMICAL REACTIONS 

GENERALIZED 'PHOTOCHEMICAL REACTIONS (CONTINUED) 

THIERMAL NO^ FORMATION: CLASSICAL CHEMICAL MODEI, 

THERMAL NOj^ FORMATION: SIMPLIFIED MODEL 

THEORETICAL CURVES FOR NO CONCENTRATIONS VS. TEMPERATURE 

EFFECT OF LOW EXCESS AIR, OIL FUEL 

TWO-STAGE COMBUSTION 

TWO-STAGE COMBUSTION, OIL FUEL i 
EFFECT OF BURNER STOICHIOMETRY ON N0„, COAL COMBUSTION 
,NOj^ REDUCTION BY FLUE GAS RECIRCULATION 
EFFECT OF FGR ON NO EMISSIONS 
EFFECTS OF NOj^ CONTROL METHOPS 

RAHGE~OF UNCONTROLLED UTILITY BOILER NO^^ EMISSIONS 
EFFECT W FIRING METHOD, OIL FUEL^ 

NOj^ EMISSIONS WITH WATER INJEC;(S)N K)R NATURmTgAS-FIRED 
GAS TURBINE 

EFFECT OF TEMPERATURE ON NO REDUCTION WITH AMMONIA 
INJECTION 
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SLIDE NUMBER 



TITLE OF SLIDE 



A27-28-1 
A27-28-2 
42^-28-3 
A27-28-A 
A27-28-5 

427-28-6 

\ 

V 

427-28-7 

427-28-8 

427-28-9 

427-28-10 

427-28-11 

427-28-12 

427-28-13 

427-28-14 

427-28-15 

427-28-16 

427-28-17 

427-28-18 

427-28-19 

427-28-20 
427-28-21* 



V 



^ LESSON 28: IMPROVED PERFORMANCE BY COMBUSTION 
MODIFICATION 

SMOKE-CO2 ^^^"^ RESIDENTIAL OIL BURNERS 

"LOWEST PRACTICAL CO2", RESIDENTIAL BURNERS 
EFFECT OF STACK TEMPERATURE AND CO 2 ON THERMAL EFFICIENCY 
USUAL RANGE OF VISCOSITY FOR OIL FIRING . 
SMOKE-CO2 CURVE FOR COMMERCIAL RESIDUAL OIL FIRED BURNER 
MAXIMUM DESIRABLE BACHARArti SMOKE NUMBER 
PERCENT CO, IN FLUE GAS AS FUNCTION OF EXCESS AIR ' 
BOILER EFFICIENCY LOSS CHANGE WITH EXCESS O2 
SMOKE-O2 ^U^VE FOR COAL OR OIL-FIRED INDUSTRIAL BOILER 
CO-O2 CURVE FOR GAS-FIRED INDUSTRIAL BOILER 
EFFECT OF EXCESS O2 ON NO^^ EMISSIONS 

TYPICAL^ RANGE OF MINIMUM EXCESS O2 AT HIGH FIRING RATES 

EFFECT OF REDUCING THE EXCESS AIR ON BOILER EFFICIENCY 

STAGED AIR EXPERIMENTAL WATER TU&E BOILER, TOP VIEW 

STAGED AIR EXPERIMENTAL WATER TUBE BOILER; SIDE VIEW 

REDUCTIOl/ OF TOTAL NO^^, BY STAGED AIR WITH NATURAL GAS FUEL 

REDUCTIoV OF TOTAL NO^ BY STAGED AIR WTTH NO. 6 FUEL OIL, 

EFFECT OF NO^^ PORTS ON BOILER EFFICIENCY 

EFFECT OF COMBUSTION AIR TEMPERAWRE ON NO^^^ WITH OIL 
AND GAS 

INFLUENCE OF AIR PREHEAT ON N0„ 

EFFECT OF COMBUSTION AIR PREHEAT ON BOILER EFFICIENCY 
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^LIOE NUMBER 



Tnif Of SLIDE 



427-28-22 
4^7-28-23 
427-28-24 

427-28-25 

427-28-26 
427-28-27 



REDUCTION IN NO^ BY FLUE GAS RECIRCULATION 
NO^ FROM GAS, TANGENTIALLY^FIRED UTILITY. BOILERS 

PFFfCTS OF NO^ CONTROL METHODS ON A GAS, WALL-FIRFD 
UTILITY BOILER 

EFFECT OF NO^ CONTROL NfETHODS ON- AN OIL, WALL-FIRED - 
UTILITY BOILER 

NO, r-ROM RESIDUAL OIL. TANGENTIALLV-VRED OTILITV BOILERS 

EFFECT OP BURNER STOICHIOMETRY ON N0„ IN TANGENTIAL 
U COAL-FIRED BOILERS ' 
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SLIDE NUMBER 



■nTLE OF SLIDE 



A27-29-1 
A27-29-2 
A 27-29-3 
A27-29-4 
427-29-5 
A27-29-6 

A 27-29-8 
A27-2^-9 
A27-29-l^ 
A27-29-U- 
A27-29-12 
A27-29-13 
A27-29-1A 
A27-29-15 
A27-29-16 
^27-29-17 
427-29-18 



LESSON 29: WASTE GAS FLARES 
CAS PROPERTIES RE-FIJVRES 
GAS PROPERTIES RE-FIJVRING 
SMOKE TENDENCIES, ACETYLENE 
SMOKE TENDENCIES, PROPANE 
SMOKE TENDENCIES, ETHANE - 
SMOKE TENDENCIES, H/C >_ 0.28 
WATER-GAS REACTIONS 

STEAM REQUIREMENTS FOR SMOKELESS FLARE 
JOHN ZINK SMOKELESS FLARE TIP 

4 

CROSS^SECTION OF A SMOKELESS FLARE BURNER 
^ELARE TIP WITH INTERNAL STEAM INJECTION 
SINCLAIR FLARE BURNER 
ESSO TYPE BURNER 
MULTISTREAM-^JeT BURNER 
MULTIJET-GROUND FLARE 
VENTURI-TYPE FLARE 
WATER SPRAY TYPE GROUND FLARE • 
NUMBER OF PILOTS REQUIRED 
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SLIDE NUMBER 


mtJOFSUDE 




LESSON 30: MUNICIPAL SEWA(.E SLUDGE INCINERATION 


A27-30-1 - 


TYP1CAL%SECTI0N OF A MULTIPLE-HEARTH SLUDGE INCINERATOR 


A27-30-2 


HULTIPLE-HEARTH FURNACE FOR INCINERATING MUNICIPAL 




SEWAGE SLUDGE 


A27-30-3 


SINGLE HEARTH SLUDGE FURNACE. 


A27-30-4 


FUNDAMENTALS OF FLUIDIZED INCINERATION 


\ 
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LESSON PLAN 




1^ 



TOPIC' Introduction to C()ml)ust ion 
Evaluation in Air Pollution, 
Control 



COURSE 427, Combustion Evaluation 
LESSON TIME 30 min. 
PREPARED BY DATE 

J. Beard Aug. 1978 




UJ 

O 



Lesson Numbei^i 



ft 



Lesson Goal: The goal of this lesson is to familiarize the student with the goals 
and emphases of "Combustion Evaluation in Air Pollution Con^^ol^. " 

Lesson Ob:|\K^ves : At the end of this lessgn the student will be able to: 

identify three major goals of Combustion Evaluation in Air Pollution Control; 

list fouir of tjie subject areas which will be emphasized in the course 
(fundamentals of combustion, fuel properties, combustion system design, 
emission calculations, various combustion equipment topics, NOj( control); 

present two reasons for ap^^ying l:he f undamentat^concepts of combustion 
when solving combustion evaluation problems in air pollution control; 

list four of the materials burned as a fuel which are to be considered in the 
course; 

<* < 

list three waste materials which may be disposed of through combustion;^ a 

list three of the important Air pollutant emissions which may be limited 
by combustion control. - 

StudentvPrerequisite Skills: Aii^ Pollution Training Institute Course 452 or 
equivalent experience, and one of the following: college level training 
in physical science, engineering, or mathematics. 

Level of Instruction: Undergraduate engineering or equivalent. 

Intended Student Professional Backgrounds: Engineers, technical staff, regula- 
tory officials, and others who wofk in combustion-related areas of air 
pollution control. * 




Support Materials and Equipment: 

♦ ■ ^ 

1. Slide projector 

.2. Slide set for Lesson 1. 



V 



Special Instruction^: None 



1 



References: 

1. C ombugtlon Evaluation in Air Pollution Control , Chapter 1. 
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SLIDE NUMBER 



427-1-1 
427-1-2 
427-1-3 
427-1-4 
427-1-5 
427-1-6 



TITLE OF SLIDE 



LESSON It INTRODUCTION TO COMBUSTION EVALUATION IN AIR 
POLLUTION contro l' 

GOALS 

COURSE WILL EMPHASIZE 
FUEL BURNING SOURCES 
COMBUSTION OF WASTE MATERIALS 

AIR POLLUTION EMISSIONS CONTROLLED BY COMBUSTION 
AT THE CONCLUSION OF THE COURSE 



0 



1-3 
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CONTENT OUTL 



Course: ^ 427, Combustion Evaluation 

I m^'*,i.-» TUia- Introduction to^-eombustipn 
LeCTUre lltie. Evaluation 




Page. 



NOTES 



^ Introduction 

A. Introduce course moder^itor and lecturorfl 

B. DlscuBS the jobs in control agencies and in industry 
/ where knowledge from this course would be useful 

C. Present the procedures to be used^lh t^he course 
1. Refer students to the course agenda, student manual, 

and workbook 

J 2. Advise students on their mode of participation in 

the course; 

3. Invite students to express their interest in certain 
subjects of the coursg 

4. Describe the method ot, taking the pre-test and post- 
test ^ 

5. Emphasize the importance of completing the daily 
homework assignments 

6. Mention the criteria for awarding the course cer- 
tificate artd CEU's 

^ D. Provide information about lunch and coffee breaks, 
transportation, restrooms , .etc. 
II. Course Goals » 

A. Goals are to provide participants with knowledge of: 
1, Fundamental aspects of combustion 

Applied aspects of combustion 
3. Overview of the state-of-the art 

B. Basic concepts of combustion 

1. Definition and purpose of combustion 

2. Factors affecting completeness of combustion 

a. Sufficient oxygen 

b, niree T*s of ccMnbustion 

3. Consequences of poor combustion 

a. Smoke and other particulates 

b. Carbon monoxide and other partially oxidized 
hydrocarbons 

c. Odor 

C. Give examples relating fiindamental concepts 
to applied air pollution problems 

1* Fufel oil viscosity (which varies with temperature) 
influences droplet atomisation size which could 
be too large for complete combustion In a given 
situation 

2. NOx formation may be reduced by limiting the amount 
of excels air 

D. State that emphasis will be placed on: 

1. Fundamental combustion calculA^lons 

2. Evaluation of pollution emissions 

3. Factors to consider for reduced emissions 

a. Good equlpcnent design 

b. -Proper installation ^ 

c. ^ Good operating practices and maintenance program 

4. ' Corrective action for malfunctioning equipment 
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CONTtNT OUTLINE 

C0UfS9' 427, Combustion Evaluation 

I m^^iiwrsk Tiflg^' Introduction to Cocnbustion 
Lecture Title. .Valuation 




PageJl of 



NOTES 



II] 



Distinguish between the content of this course and 
courses in gaseous and particulate emissions 

A. Course will emphasize commonly encountered 
1. Fuel combustion sources 

a. Major stationary sources burning natural gas 

b. Commercial, industrial , and utility 9<^urces 
burning fuel oil i 

c. Industrial and utility sources burning coal 

d. Industrial source? burning wood^ (hog fuel) 

e. Special sources burning municipal solid' waste 
2* Combustion devices fftr controlling waste gases 

a. Catalytic incinj^ation 

b. Direct flame incineration 

c. Flares (as an optional topic) 

3. Combustible waste mater iMs 

a. Various chemical and ^|p^ardous wastes 

b. Garbage (municixyal^BOjld wastes) 

c. Industrial waste gas streams containing coio- 
bustible hydrocarbon and other gases 

d. Municipal sewage sludge (optional topic) 

B. Course will not enphasize flue gas control of: 

1. r Particulates (covered in Course No/ 412)) 

2. Sulfur oxides (t:overed \^ Course No. 415) 

C. Air pollutants Which can>r6 reduced by properly con- 
trolled combust i*n are; 
1. Carbon i!iono?<la 

- 2. Hydrocarbon g^pse 
• 3. ^Nitric oxides 

4. Combustible particulates resulting from incomplete 
oxidation ' , - 

5. ~^];>combustible particulates resulting from entitoin- 

ment by high-velocity gases' ^ 
Course Objectives 

A. Refer to list of objectives for each topic of the 
course (found in ChapJ^r 1) 

B. Summarize the objec^tiveLS for the paurticipants 

1. Familiarity with 'combustion principles 

2. Ability to pei/form calculations to determine quantities 
of emissions apd the requirements for complete com 
bust ion 

3. Ability fo^tate important mechanisms in the formation 
*of certain air pollution emissions 

4. Ability to understand and apply the important combus-- 
tion desigo and ppexAtional parameters in order to make 
recommendations improved air pollution coptrol 
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LESSON PLAN 




TOPIC' Fundamentals of Coml)ust ion 1- 



Basic Chemistry 



COURSE: 4aff, Combustion Evaluation 
LFSSON TlWt 5Q min. 
PWEPARt.D BY , DATr 

L. "u. Lilleleht 
I 



Aug. 1978 




Lesson Number: 2 ^ ^ 

Lesson Goal: The goal of this lesson is to provide a review of the fundamental 
theory of chemical reactions, as is related to combustion evalOfltion in air 
pollution control, j 



/ 



itetion 



Lesson Objectives i At the end of this lesson the student will be ahle to: 

'/^ 

use' the basic chemical equations for combustion reactions, with or without 
excess air, to calculate air requiSrements and amounts of combuation 
products; " V . 

apply the ideal gas law to determine volumetric relationships for typical 
combustion situations; ^ 

■ ^ 

^ distinguish between different types of combustion as characterized by car- 
bonic theory (yellow flame) and hydro3cylation theory (blue^Lflaifte) . 

Student Prerequisite Skills: First-level college chemistry, algebra, physics 
(heat), . 

Level of Instruction: Undergraduate engineering or equivalent 

Intended Student Professional Backgrounds: Engineers, technical staff, regula- 
tory officials J and others who work/ in combustion-related areas .of air 
pollution control. 



Support Materials and Equipment: 
1, Slide projector 

^ 2. Slide se1^.for Lesson^. 

\ 

Special Instructions: None 
i^tefer^nce?^ 



1. Combustion Evaluation in Air Pollution Control , Chapter 2. 

2. Steam, Its Generation and Use, 38th Edition, published by Babcock 
«md Wilcox Co. > New York (1972). 



SLIDE NUMBER TITLK OF SLIDE 

/ 

LESSON 2: FUNDAMENTi^^S OF COMBUSTION II - BASIC CHEMISTRY 

427-2-1 RJNDAMENTALS OF COMBUSTION 

hn-2-2 GENERAL COMBUSTION REACTION 

427-2-3 THREE T'S OF COMBUSTION 

427-2-4 COMPLETE COMBUSTION 

W . . . . , .... i - . . 1 . 

427-2-5 THEORETICAL AIR FOR COMPliBTE COMBUSTION / 

U27-2-b ^ FLAMMABILITY LIMITS OF COMBUSTIBLE VAPORS IN AIR 

427-2-7 STANDARD dOKDfTIONS . ^ 

427-2-8 IDEAL (PERFECT) GAS LAW 

427-2-9 CHARLES' AND BOYLE'S LAWS 

427-2-10 I^LECTriD REACTIONS IN COMBUSTION SEQUENCE 

427-2-11 CARBONIC THEORY ^ ' 

427-2-12 HYDROXYLATION THEORY 

4^7-2-13 YELLOW FLAME 

427-2-14 BLUE FLAME \^ ^ 

427-2-15 STEAM INJECTION TO YELLOW FLAME 
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CONTENT OUTLINE 



Course: 427, CombiistioQ Evaluation 

Lecture ritle.: 



a_ of^ 

NOTES 



B. 



2. 



3. 



I . Introduqipion 

A. State the objectives of this lesson 

Establish definitions and coiwion tprmlnology ^ 
1. Coinbustion: rapid chemical reaction ^ 
Balancing general oxidation reaction 

a. Concept of 

b. Conversion from molar to mass or other bases 
Requirements for complete combustion, * ' 
a. Oxygen 

b- Temperature, turbulence , time 
II. Determine the oxygen (air) requirements for combustion 

A. 'rtieoretical (stoichiometric) air require^nents and 
combustion products for 

1. single component combustibles 

2. Mixtures of combustibles 

B. Effects of insufficient air 
1. Carbon (smoke, soot) 

%2. Carbon monoxide 

3. Partially oxidized hydrocarbons and odor 

C. Reasons for some excess air 

1. Complete combustior^ ^ 

2. Temperature control in combustion zone 

fFlammabiiity characteristics of gases and vapors, 
1. Combustion over range of concentration 

a. Lower and upper flammability or explosive limits, 
homogeneous mixtures / 

b. Effects of ten5)erature and pressure on flam- 
mability limits / 

2. Heterogeneous mixtures 

a. Multiphase (solid, liquid, gas) system 
f b. Layered systems 
Volumetric relationships for gases and volumes 
1. Avogadro's law ^ 

a. Equal Yolximes equal number of malecules 
Standard conditions (T and p) 
a. bniversal scientific 
Gas industry 
Other 
Gas laws 

a. Ideal (perfect) .gas law 

Universal gas constant 
Consistent units 
Charles' law 
Boyle's law 
Dalton's law 
III» Ihe Tliree T's cxf Combustion 
• A. Temperature 

1. Ignition tesqperature 

a. For^^ases and vapors 

b. For coal 

2. Teinperature accelerates reaction rate 



E. 



2.' 



b. 
c. 



b. 
d. 
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Course: 
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Combustion Evaluation 
Pundamantalfl of Combustion 
Basic Chemistry 



IV. 



B. Turbulence 

1. Facilitates mixing of oxygen and fuel 

2. Break-up of boundary layers accelerates 

a. Vi^poriEation of liquid fuel 

b. Removal of combustion products from surface 
of solid fuel particle 

c. Availability of oxygen to burning surface 
of solid particle 

3. Affects heat transfer in coitibustion chamber 

C. Time 

1. Residence time for complete combustion 

2. Temperature effect 

a. LoKer residence time at higher temperature 

b. Smaller y^ife 

3. Residence time distribution 

a. Shape of furnace 

b. Plow pattern 
Combustion Nechemisms 

A. ^ Sequence of reactions affected by 

1. Availability of oxygen 

2. Temperature r turbulence, and time 

B. Carbonic tbdory 
1* Yellow flame 

C. Hydroxy lat ion theory 
1. Blue Flame 

D. Water-gas reaction to 

1. Mediate cracking reViction 

2. Control smoking tendency of flares 



Sumroary 



Knowledge of the fuel composition will permit the deter- 
mination of the theoretical air requirements and the quantities 
and compositions of the flue products through the use of 
material balances. 



' CoiQbustion is usually carried/out at o/ near atmospheric 
pressures s6 that the use of the idfeal gas law is justified 
for the relationship between the volume and the number of mols 
or mass of gases involved. 

Temperature, time, and. turbulen6e in a combustion device 
are important factors to be considered to assure complete com- 
bustion with a minimum of pollutant emissions. 

Different theories have been proposed for the combustion 
mechanism. Which of these mechanisms ^is predominant depends 
on tye type of fuel and how It Is jnlxed with air. Bie appear- 
ance of the flame can be used as aii indication of the type of 
eonbustion and Its quality. 

^ " \ ' ' 

\ »>. 

Conbustlon calculations lnVolv](.ng heat^ effects will be . 

the subject of the next lecture. \' . ♦ 

\ 



Led/ou< 
idfeal 



NOTES 
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Lesson Number: 3 

Lesson Goal: The goal of this lesson is to provide a review of the fundamental 
theory of chemical react 1||^^ as is related to combustion evaluation in air 



pollution control. 



Lesson Objectives: At the end of this lesson the student will be able to: 

define heat of qombustion, gross and net heating values, available heat, 
hypothetical available heat, sensible heat, latent heat, and heat content; 

detprmine the available heat obtained from burning fuels at different flue 
gas exit temperatures and with various amounts of excess air, using gener- 
alized correlations; 

perform heat content calculations for various flow s^i;eams in a combustion 
installation; ' 

calculate furnace efficie?pcy and describe the effebts of varying air-td- 
fuel ratio on flue gas con^sition and furnace lossej?.* 

Student Prerequisite SklXls; First-level college chemistry, algebra, physics 
(heat); Course 427, Lesson Number 2, 

Level of Instruction: Undergraduate engineering or .equivalent. 

Intended Student Professional Backgroxinda : Engineers, technical 3taff, regu- 
latory officials, and others who work in combustion-related areas of air 
pollution control. * 

Support Materials and Equipment: 

1, Slide projector 

2. Slide set for Lesson 3. ^ V_iJ 
Special Ijngtructiona : None 
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References: 

1. Combustion Valuation in Air Pollution Control , Chapter 2. 

2. Combustion Handbook, 1st Edition, North American Manufacturing Com- 
pany, Cleveland, OH (1952). 



3. Air Pollution Engineering Manual , AP-40, 2nd Edition, pp. 176 and 935, 
USEPA (1973) . 



55 



3-2 



ERIC 



> 



SLIDE NUMBER 



\ 



OF SLIDE 



LESSON 3: FUNDAMENTALS OF COMBUSTION II - THERMOCHEMICAl. 



-r 



427-3-1 
A27-3-2 
A27-3-3 
A27-3-4 
427-3-5 

A27-3-6 
A27-3-7 
A 2 7-^-8 
A27-3-9 



RELATIONSHIPS 



GROSS HEATING VALUE 



NET HEATING 



V^UE 



ADIABATIC STEADY STATE HEAT BALANCE 

HEAT BALANCE ACROSS SYSTEM BOUNDARY WITHOUT HEAT LOSS 

GENERALIZED COMPARISON OF PURE HYDROCARBON FUELS IN 
COMPLETE COMBUSTION 

AVAILABLE HEATS FOR SOME TYPICAL FUELS 

AVAILABLE HEATS WITH EXCESS AIR 

FURNACE LOSSES . t 

s 

SUMMARY OF HEAT BALANCE TERMS 



It 



\ 



3-3 




CONTENT OUTLINE /^^ 

Course: 427, combustion Evaluation ^'^^14^ J 

i mr-fttr^ Tif/0' Fundamentals of Combustion II- .^tC> 
L9€fure Title. Thermochemlcitl Ri>l^tlon« "^^'^ 



\ 



Ptjge. 



of. 



NOTES 



Introduction and Definitions 



A. 
B. 
C. 
D. 



F. 



State the lesson objectives 

Sensible and latent heats 

Heat content or enthalpy . 

Heat of reaction 

1- Standard heat of combustion 

2. Gross or higher heating value (HHV) 

3- Net or lower heating value (LHV) 

Available heat 

Hypothetical avail2d3le heat 



Refer to Manual, 

Chapter 2 



II. Heat Balemce Calculations 

A. Concept of a heat balance 

1- Terms Included and their Interrelations 

2. Determination of heat contents of various streams 

a. By calculations using heat capacities, etc. 

b. From tables 

^ 3. System efficiency 
B« Determination of the available (useful) heat 

1. By calculation from heating values and heat contents 
of all streams, 

a. Heating value of various fuels, e.g. Dulong 
formula , 

b. Heat content of multicon^nent gas streams 

2. Approximations of available heat 

a. For typical hydrocarbon fuels 

b. For some specific fuels ^ 

c. Estimates for pther fuels ^ 

3. Available heat with excess air ^ 

a. As percent of gross heating value v 

b. Excess air decreases maximum flue ga9 
ture 

4. Hypothetical available heat 
C. Furnace losses 

1, Incomplete combustion losses 

Flue gas losses v. 
Radiation and wall losses 
Total losses ase at a mlfilmum 

a. With good mlxifig at stoichiometric air/fuel 
ratio 

b. With poor mixing at some excess air 
Adiabatic flame tenqc>erature 

1. Definition 

2. Calculations emd typical values 
a/ With air as source of oxygen 
b. ^With pure oxygen 

3. Consequences of heat removal failure 



te»?>era- 



2. 
3, 
4. 



\ 



niermochemical calculations are essential to determine the 
efficiency of a combustion process and the eunount of fuel necessary 
to meet a specified load. Ihey will also per^t oaloulations of 
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NOTES 



the auxiliary fuel requirements in installations where combustion 
is used for pollution abatement, as in afterburners. 

The effect of the air-to-fuel ratio on the varioui^ hoat losses was 
discussed. Minimizing flue losses due to incomplete combustion , 
excessive amounts of combustion air, And exc^ssiye^j Jii^ flue 
gas temperatures will not only conserve fUel, blit Also help 

to alleviate the air pollution problem by reducing the stack 
emissions * 
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Lesson Number: 4 

Lesson Goal: To reinforce the student's understanding of the fundamental com- 
bustion concepts, particularly as these' relate to the design variables of 
cofcbustion time, temperature, and turbulence. 

Lesson Objectives: At the end of this film, the student will be ^le to: 

list the chemical elements which combined with oxygen when fuels burn; 

list the four items necessary for efficient combustion; and 

describe qualitatively the interrelationships between time, temperature, 
turbulence, and oxygen required for proper combustion of a given fufel. 

Student Prerequisite Skills: First-level college chemistry. 

Level of Instruction: Undergraduate engineering or equivalent. 

Intended Student Professional Backgrounds: Engineers, technical staff, regula- 
tbty officials, and others who work in combustion-related areas of air 
pollution control. 

Support Materials and Equipment: 

^ 1. Film: "Three T's of Combustion" 

2^ 16 mm sound movie projector with a 12-inch-diameter take-up reel 
Special Instructions: None 
References: ^ 

1. Coftibustion Evaluation in Air Pollution Control , Chapter 2. 
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^m^^^A (bourse: 427, CooJ^utetion Evaluation 

\JLjUt§ Lecture T/f/e: Film— "iTiroe T'^ of combustion ^^tpf^'if^ 
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NOTES 



I. Introduction 

A. State the objective of the film. 

B. niis movie shows how to obtain efficient burning without 
black smoke. Professor Miller starts 6ut to define and 
discuss combustion, the Btu, and heats of combustion 

of various fuels. He then uses a modified kerosene lamp 
to illustrate the Importance of sufficient oxygen, tem- 
perature, turbulence, and time for obtaining efficient 
contoUBtion. 

C. Parts of a kerosene lamp are used in the demonstration: 
glass container for fuel, wick, grate, diffuser or 
tuyere, and leu^p chimney. 

D. Conditions producing inefficient burning: 

1. ^ tuyare — lack of mixing (turbulence) 

2. ^ No chimney-* too much cool air (time and temperature) 

3. Cold chimney — low temperature in combustion zone 

4. Too much air — wasted heat 

* 5. Too little air — unburned fuel, smoke 

E. Methods to increase air and eliminate smoke: 

1. Taller chimney — increased draft 

2. I^ise bottom of chimn&y — overfire air 
II. "niree T's of Combustion" 

III. Discussion of conments and questions raised by viewers 
IV. Summary of application of the 3T's to furnaces 

A. To coinjt)lete .combustion of any fuel, one ^eeds: 

1. Sufficient oxygfen ^. 

2. Adequately high tenq^rature 

3. Sufficient 1:urbulence for mixing 

4. Sufficient time ^ 

Tlie effects of these factors are interrelated. For exam- 
ple, higher tenqperature and better mining wbuld permit 
completion of the combustion process in shorter time. 

B. To increase temf^erature: 
1. Preheat combustion air 
2* Insulate combustion chamber 
3. Design chamber to r^Mpot heat inward 

C. To provide turbulence use:^ 

1. Air jets 

2. Baffles 

D. To provide adequate tlme'x 
1* Properly designe^combustion chamber 

2. Baffle design 

3. Reduced firing rate 

E. Items to check if there is 

1. Too little air 

2. Too much air 
. 3, Inadequate mixing 

4. Cold furnace 
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Film: "Wiree T's of 
Combustion" 



a smokey flame: 
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Lesson Number: 5 

Lesson Goal: To provide the student with an understanding-^f the influence of 
temperature^ and reaqtapi gas concentr'atiops on the equilibrium state and on 
^ the rates approaching that"oT equilibrium in combustion reactions. 

^ Lesson Objectives: At the end of this lesson the studei^t will be able to: 

recite the conditions for equilibrium; *^ 

describe how Sn excess quantity of one reactant will affect other concen- 
trations at ^cjv^iJ^ibr ium; 

cite the expression for the rate of reaction; 

identify the Arrhenius equation as a model for the influence of temperature 
on combustion rate; 



define the activation j^n^gy; 




describe th^mechanism dlFSiUialytic activity; and 

list the reasons for the deteriora^fci^n^of . c'^alytic activity. 

Student Prerequisite Skills: College chemistry and algebra, Course No. 427, 
Lesson Number 3. 



Level of Instruction: Undergraduate engineering or equivalent 

Intended Student Professional Backgrounds: Engineers, technical staff, regu- 
'latory officials, and others who work in combustion-related areas of air 
pollution control . - " 

Support Materials and Equi£»nent: 

1. Slide projector " 

2. Slide set, for Lesson 5. 



Special Instrutrtions : None 
Referenced: 

1. Combustion Evaluation In Air Pollution Control , Chapter 2. 

2. Edwards, J. B. , Combustion ; The Formation and Emissions of Traqe Spe- 
cies, Ann Arbor^ Science Publishers, Ann Arbor, Michigan (1974). 
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TEMPERATURE EFFECT ON REACTION RATE 


427-5-5 
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CONTENT OUTLINE 

Course: 427, combustion Evaluation 
Lecture Title: Reaction Kinetics 
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I. Introduction 

A. State the lesson goal and' objectives 
B- Discuss general concepts of chemical reactions: 

1. Not as simple as equation implies 

a. Often a sequence of steps 

b. Intermediate steps not always shown 

2. Not always complete 

a. Usually thare is also a reverse reaction 

3. Law of mass action gives the rate of reaction as 
4 proportional to : 

a. Concent^rations of reactants 

b. Coefficient of proportionality in the reaction 
velocity constant, k 

II- Chemical Equilibrium 

A. Present the conditions of equilibrium 

J 1. No change in concentrations with time 

2. Forward and reverse reaction rates equal 

B. Introduce the equilibrium constant, K 
1. Interrelation of concentrations 

a. ^cess of one reacta^t reduces concentLration of 
the other 

b. Rationale for excess air in combustion 
III. Reaction Mechanism — Treuisition State Itieory 

A. Describe how a reaction proceeds through aft activated 
complex (Transition State) 

B. Mention that reactants and products each have a distri*- 
bution of energ^j states about some me«m level 

1. For exothermic reactions, products are at lower moan 
level than reactants 

2. Difference in mean energy states is the heat of 
reaction (combustion) 

3. Spontiuieous reactions do not occur for all exo- 
thermic cases at any tenq^erature. Why not? 

C. Discuss the tramsltlon state (activated complex) between 
reactants and products: 

1. At higher energy than either reactamts or products 

2. Activation energy Is the difference betw€ien energy 
of the transition state and the mean of the reactants 

3. Formed on collision of reactant having sufficiently 
high energies (equal to or exceeding that of the 
transition state) 

a. Only a small fraction of molecules have such 
energies 

b. Tliis fraction increases with Increasing tem- 
perature 

4. Activated coinplex is unstable, thereforer there are 
two options: 

a* It breaks up to form products 

b. It breaks up to give original reactants 

D. Present reaction rat^ expressions 

1. Itanperatura affect through the velocity constant, k 

2, Arrhanlus aquation for k f 

a. Plot of log k vs. 1/T (Arrhimlus plot) 

b. Slope proportional to activation energy 
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CONTENT OUTLINE 

Course: 427, Combustion Evaluation 
Lecture Title: Reaction Kinetics 



IV. Reaction With catalysts 

A. Discuss the nature of catalytic activity 

1. Definition of a catalyst 

a. Reaction occurs on catalyst surface 

b. , Increased rate 

c. Amount produced and equilibrium unaffected 

2. Steps in surface-catalyzed reactiohe; 

a. Diffusion to surface 

b. Adsorption of reactant(s) 
* c. Reaction on surface 

d. Desorption of product (s) 

e. Diffusion to bulk 

B. Consider effect of a catalyst: 

1. Lower apparent activation energy 
a. Lower slope of Arrhenius plot 

2. Con5>arison of reaction rates with and without cata- 
lysts 

a. Catalyst gives same rate at^^low^i:., tpn\pprat 

b. ^ Catalyst gives higRteV tfe^f/i<t Bt4»0 

C. Descriiae the deterioration ot catalytic activity from: 

1. Poisoning 

a. Heavy metals 

b. Phosphates - 

c. Arsenic con^onds 

2 . ^ Suppfessants 

a. Halogens 

b. Sulfur 

3. Fouling agents 

a. Alvunina and silica dusts 

b. Iron oxides 

c. Silicones 

dJ Carbon deposita and soot 
e. Dirt and grime 
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Lesson Number: 6 

Lesson Goal: The goal of this lesson isy^^o provide the student with an under- 
standing of the various physical and chemical properties of fuels which in- 
fluence pollutant emissions and are important for combustion system design 
and operation. 

Lesson Objectives: At tlie end of this lesson the student will be able to: 

state the important chemical properties which influence air. pollutant emissions; 



¥ 

ati^ 



use the tables in the student manual to find representative values for given 
fuel properties; 

describe the difference in physical features which limit the rate of com- 
bustion for gaseous r liquid, and solid fuels ;^ . y 

explain the importance of fuel properties such as flash point and upper and 
lower flamme±>illty limits which relate to safe operation of combustion 
installations ;t 

use either specific or API gravity to determine the total heat of combustion^ 
of a fuel oil; 

describe the influence of variations in fuel oil viscosity on droplet forma- 
tion and on completeness of combustion and emissions; 

\» . 

list the important components in the proximate and ultimate analyses; 

define "as fired," "as received," "moisture free," and "dry*basis" as applied 
^ to chemical analyses of solid fijels; and . 

explain the significance of asjh fusion temperature and caking index in the 
burning of coal* 

Student Prerequisite Skills: -First-level college chemi6t*|^ physics (heat). 
Level of Instruction: Uildergraduate engineering or equivalen^^ 
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Intended Student Professional Backqrounds : Knqinoorn, tocrhnic al 5;t aff, r(>qu- 
latory officials, and others who work irt combustion-related areas of air 
pollution control. 



\ 



Support Materials and Equipment: 

1. Slide projector ' ^ 

2. Slide set for-Lesson 6 

I. 

Special Instructions: None ^ 
References! 

• ■ rf 

1 . Combustion Evaluation in Air P<!yllution Control , Chapter 3 . 

2. Fryling, G. R. , Combustion Engineering , revised edition, published by 

Combustion Engineering, Inc., 277 Park Avenue, New York 10017 
(1966). f 

3. , Steam , Its Generation and Use , 38th Edition, published by Babcock and 

Wilcox, 161 East 42nd Street, New York 10017 (1972). 



/ # 



67 



» 



SLIDE NUMBKR TITLK OK SLIDK 



LESSON 6: FUEL PROPERTJAiS 



A27-6-1 GASEOUS FUELS HAVE RATE ilF COMBUSTION 

427-6-2 HIGHER HEATING VALUE 

427-6-3 LOWER HEATING VALUE 

4J^-6-4 * API GRAVLTY ^ 

427-6-5 APPROXIMATE VISCOSltY OF FUEL OIL, 

427-6-6 PROXIMATE ANALYSIS OF SELECTED COAL ^ 

y 

427-6-7 ULTIMATE ANALYSIS OF SELECTED COAL (AS RECEIVED) ^ . 

427-6-8 ULTIMATE ANALYSIS OF SELECTED COAL (DRY BASIS) 

427-6-9 . ^SELECTED SIZE DISTRIBUTION AND MOISTURE OF HOGGED FUELS 
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gg COKTENT OUTLINE 

P^P^^n Course: < ^27, Coinbuttion Bvaluatlon ^^114^^^ 

tA-lHv Lecture Title: Fuai Prop^r^s ^^^^pf^xs^^ 



Introduction - 

A. State the lesson objectives 

^. Describe the following fuel properties and introduce their 
iYifluence on pollutant emissions 

1. Sulfur 

a. Present in organic/ sulfid«v or sulfate forms 
' b. ' Give examples to show how sulfur content varies 
* ^ with fuel, source, and amount of cleaning or 
refinery processing w 
c. Introduce atridiC emisslonsv^vfrhich cuase corrosion 
in economizers., air heaters, and air ducts. 

2 . Fixed 4iitr^eit ^ ' / 

a. Giv^j ranges of content in coal and oil 

b. Introduce fuel NOv 

c. Explain why high/nitrogen An natural gas d6es 
not form fuel Nc!^ ^ 

3. Other impurities. 

a. State examples: vanadium, sodium, and mercury 

4. Volaikile matter, fixed carlxjn, ash 

5. Moisture 

w^. Give :examples of the roost common solid, ^liquid, and 
gaseous fuels 

1. Gaseous fuels (natural gas, propans, butane) 

(No. 2 fuel oil. No* 6 fuel oil) 
cbal, hogged fuel, municipal solid waste) 
on the rate of combustion 
1^ limited by turbulence (mixing of fuel 



D. 



js fuels I 
1 fUfilf (» 

js /usTfl ] 



>E.:. 



2. .Liquid 

3. Solid 
Explain th 
f . Gaseous 

and air) 

2. Liquid f uels -Umlted by evaporation which is depen- 
dent on^^il surface area 

3. Solid ^ufis limited by distillation of volatiles 
and dif fupl^n of O2 to surface of fixed carbon 

Define,, give eliirtpie values for gas, oil, and coal, .and 
explain the method used to determl^ie 

1. Higher heating value, gross heat of combustion, 
" gross calorific value, total heat of combustion 

2. Lower'heating value, net heat of combustion 
3* Constant volume versui constant pressure values 
Review the \ypper and lower falmmability limits and dis^- 
cuss their application to avoid explosions 

Gaseous Fuels 

A. Describe the cheuractetistlcs ot natural gas 
!• Mixtures of gaseous components, mainly 
' Mthane 

2* Higher heating valus around 1,000 Btu/scf ^ 

3. May contain sulfur when delivered from gas well r 
typioally reaoved before transmission 

Usually contains trace mercaptan additive for odor 

dateation of laakf . 
Oive ei(aB«>la oonvoaitions and heating values for various 
synthetic gaseous fuels gy > 
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1. Liquified Petroleum Gas, LPG 

a* Blend of paraffinic (saturated) hydrocarb€>rtfe 
(propane r isobutane, and normal butane) 

b. Derived from natural gas and from petroleum 
refinery operations 

c. Gaseous under normal atmospheric conditions/ 
but^may be liquefied undor moderate preasure 
(80-200 psig) 

d. Heating valde (2,500 to 4,000 Btu/scf) 

2. Gases (Jerived from coal (metals or chemical indus- 
try) generally burned on site as heating fuel ^ 

a. Coke-over gas 

b. Blast furnace gas . 

c. Producer gas 

3. Synthetic gase^ from petroleum refineries 

a. Var^us blends o,f byproduct gases; heating 
' . value which depends on ^Composition 

III. Liquid Fuels 

A. Discuss crude oil 

1. Combustible hydrocarbon mixture as delivered flrom 
oil well 

2. Potential explosive problems when used as fuel, due 
to low flash point volatiles 

3. Used as refinery feed-stocjt to produce fuels, sol- 
vents, chemicals, plastics, synthetic rubber, etc. 

- B. Describe the distinguishing characteristics of fuel oils 
of different grades 

No. 1 fuel oil, a distillate oil intended for 
vaporization pot-type burners and other burners 
requiring a light distillate fuel 
- - No. 2 fuel oil, a heavier distillate oil typically 
used for domestic heating 

No. 4 fuel oil, a light residual fuel for inter- 
mediate bftirners not equipped with preheating facili- 
ties 

- No. 5 fuel oil, a residual fuel oil which, depend- 
ing on the blend and climate, may require heating 
prior to burning 

No. 6 fuel oil (Bunker C), a heavy residual fuel 
which requires heating for both pumping and burn- 
ing (atomization) 

C. Describe similarities of diesel and stationary 

♦gas^ turbine engine fuels 
1. Define, *give examples, and state the air pollutant 
influence of . 

a. Cetane numbeijl 

b. Distillation temperatures for di£ferent fractions 

D. Define, g^ve exi^lo values, and describe the importance 
* • of the fc^llowing fuel oil properties 

1. Specif ic^gravity and API gravity , 
2- Heating' value 

a. Describe relationship to gravity 



Refer to Student 
Manual, p. 3-12 



Refer to Student 
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b. Use examples of a No. 6 fuel oil with specific 
gravity of .9861, containing* 18,640 Btu/lb, 
and a No. '2 fuel oil with specific gravity of 
.8654, containing 19,490 Btu/lb 

3. Flash point 

a. Contrast with fire point (ignition tert^erature) 

b. Illustrate the concern about the explosion poten- 
tial of a No. 2 fuel placed in the typical heated 
thank for No. 6 fuel oil 

4. Viscosity - ^ 
a.1 
b. 



IV. 



Explain the variation with* temperature 
State that No. 5 and' No. 6 fuel oils require 
heating for atomization anfl/or pumping 
Note that high viscosity at the burner^ causes 
large ilroplets to be formed. Incomplete 
combustion may occur (inadequate time ^or com- 
bustion, evaporation limited due to unfavorable 
area to volume) 

5. Pour point 

6. Fuel oil additives to be discussed in Lesson IB 
Solid Fuels 

A. Coal is most abundant energy resource 

1. Describe coal classification 

a. Anthracite and Bituminous coals classified 
according to fixed carbon v 

b. Subbituminous and lignite coals classified 
according to heating value (generally) 

2. Define and give example of ultimate analysis 

a. Used, in coi!5)uting air requirements and pollutant 
emissions 

3. Define and give example of proxiioate ani^ysls 

4. Contrast the definitions and uses of analyses which 
are on an "as received" (in the laboratory) basis 
with a "moisture free" or "dry" basis (without 
Influence of moisture, which varies with han<Jling 
and exposure conditions) ^ 

5. Define and describe the tests for surface moisture 
and for total moisture 

6* Give exaii\ple values for moisture, volatile matter, 
fixed carbon, sulfur, and ash contents 

a. Eastern bituminous coal 

b. Western subbituminous coal 

c. Lignite 

7. Dedcrlbe.and give exar^ples of sulfur compositfpn in 
coal 

a. Organic form, 30 to 70% of the sqlfur 

b. Metal sulfide form (pyrite and niarcasite) , 40 
to. 80% / 

c. Metal sulfate form (gypsum an^ barite) , very 
small percentage 

8. Describe the influence of coal cleaning on sulfur 
removal 
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9. State the distinguishing features of the followinc) 
characteristics 

a. Ash softening temperature 

Initial deformation temperature 
Ash fusion temperature (fluid temperature) 

b. Free swelling index 

c. Caking coals (agglomerating index) 
Free burning coals 
GrindfiUaility index 

B, State how coke is formed and provide examples of 
' chemical analysis and heating value 

C. Provide examples of the chemical and physical composi- 
tion of wood and hogged fuel 

D» Describe the source and the fuel properties of 

bagasse ^^^t] ^jf^j m!H4cVI cQ 

1. 40 to 60% moisture >\ ? « ' • ''^ ' ^ 

E. Presorft the chemical and physical descriptions of the 
con^ituentd of municipal solid waste 

1, Combustibles are mainly paper 

2, Moisture content around 20%, depending on weather 
exposure 

3, Noncombustibles and moisture may be removed tp 
improve the heating value of the material , 
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LESSON PLAN 




TOPIC- Problem Session 1: 

Combustion Calculations 



COURSE. 427, Combustion Evaluation 
LESSON TIME: 70 min. 
PREPARrO BY DATE 

L. U. Lilleleht Oct. 1978 




UJ 



Lesson Number : 7 

Lesson Goal: To assure the student's ability to perform computations which 
make use of combustion, fundamentals as applied to the determination of 
air requirements, flue gas characteristics, and heat available from burn- 
ing a given fuel. 

Lesson Objective^: At tKe end of this lesson the student will be able to: 

determine the amount of air required for complete combustion of various 
fuels; 

■ ■* 

determine the heating values of vai^ious fuels ant$ mixtures of combustibles; 

determine the quantity and the composition (by weight and by volume) of 
flue gases; < 

calculate the enthalpy of gas streams at various temperatures; 

perform heat balance calculations on combustion processes; 

establish tsjae quantity of heat available for some useful purpose as a 
function of flue gas exit temperature; 

determine the thermal efficiency of a combustion process; and 

estimate the effect of combustion air preheating on the thermal effi- 
ciency of the process. 

Student Prerequisite Skills: First-level college chemistry, algebra," physics 
(heat); lessons 2, 3, 6. 

Level of Instruction: Undergraduate engineering or equivalent 

intended Student Professional Backgrounds: Engineers, technical staff, regu- 
latory officials, and others who work in combustion-related ar^as of 
air pollution control. ' • " 
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Sup|K>rt M«it*rials and Fx]uipment: 

1 . Workbook for Combustion Evaluatio n in Air Pol 1 ut ion Control ^ Chap- 
ter T . 

7. Blackboard and chalk or an overhead projector with transparency 
material and pens. 

3. Hand-held calculator or slide rule. 

Special Instructions: Assign problem 1.5 for homework. 

Reference: Combustion Evaluation in Air Pollution Control , Chapter 2. 
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I. Introduction 

A. State the goals and objectives of this lesson 

B. Goals are to be achieved by: 

1. Instructor working through and discussing Problem I.l 
affd Problem 1.3. 

2. Students working problems independently 

a. In class I Problem 1.2 and 1.4 

b. Homework assignment i Problem 1.5 

3. Discussion of solutions of problems 
II. Pfoblem I.l: Combustion of No. 6 Fuel Oil 

A. Present the problem statement: 

Assume perfect combustion of No. 6 fuel oil with 
stoichiometric air. 

Predict I ^ 

1. Ttie gravimetric analysis (weight percent) of the 
flue gases 

2. Total volume of ^lue gases (at 500^F and 1 atmos- 
phere) per pound of oil burned 

3. Volume percent of in dry flue gases 

B. Present, as given: the gravimetric analysis of this fuel 
oil: 

88.52% caA>on 
10.87% hydrogen 

0.40% sulfur 

0.10% nitrogen 

0.06% oxygen 

0.05% ash 

C. Decide on basis for calculations — unit mass 

D. Determine the maps of gaseous combustion products from 
the ultimate analysis 

E. Calculate the volume oft 

1. Individual combustion products 

2. Itotal volume 

a. At standard conditions 

b. At actual conditions 

3. Dry flue gas volume at standard conditions 

F. Determine the ultimate percent CO2 

G. DirfcuBB the significance of these results 

H. Outline how similar calculations could be performed 
for gaseous and solid fuels 

III. Problem 1.2 1 Ootobustion of Gases 
A. Present the problem statement! 
^ Consider a gaseous fuel composed of 60% H2 and 40% CH^ 

by volume 

Deter»4'ne > 

1. Itie volume of air required for complete combustion 

of 1,000 scfm of the above gases with 100% theoretical 
air. 

2. Ihe pounds of air required for burning 1.00 pounds 
of fuel. 

3. Hie volumetric analysis of flue gases (products), 
including water vapor (assume no water is condensed) . 



Refer to Student 
Manual, p. 2-2 3, 
Attachment 2-1. 



Refer to perfect 
gas law in Student 
Manual, p. 2-24. 

Compare with value 
obtained using 
Student Manual , 
p. 2-30. 
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IV. 



V. 



4. T^^e gravimetric ^malysls of the reactants (fuel gas 
and air mixture) . 

5. T»ie partial pressure of the water vapor In the flue 
for a total pressure of 14.7 psla. 

B. Solution is to be computed by students during class 

C. Present and discuss solution 
Problem 1.3: Available Heat 

A. Present the problem statement: 

Consider a boiler which burns 10,000 standard cubic feet 
per hour of a waste gas with higher heating value of 
2 58 Btu/scf. 
Determine : 

1. Hie gross heating value per hour for complete com- 
bustion* 

2. The available heat If the flue gases leave the boiler 
heat exchanger at SOO^F and con^lete combustion Is 
achieved with theoretical combustion alt. 

3. The available heat from the same boiler if 20% 
excess air had been used and flue gas exit tempera- 
ture was still SOOOp'. 

B. Choose a basis for calculations — unit time. 

C. Determine the gross heating value. 

D. Illustrate the use of Attachment 2-9 

E. Discuss effect of excess air 

F. Outline \t%f more accurate estimate of available h^at 
could be obtained from heat balance calculation^ based 
on enthalpies of all streams and heating value of the 
fuel 

Problem 1.4: Liquid Waste Combustion in Natural Gas-Fired 
Boiler ^ 

A. Present the problem statement: 

Combustible liquid waate from a manufacturing process is 
to be burned in a boiler which is fired with 1,059 Btu/scf 
higher heating value natural gas at a rate of 5,000 scfh. 
Hie liquid waste is equivalent to lb Ib/h of benzene. 
Determine i 

1. Itie total gross heating value to the boiler per hour. 

2. Ttie amount of combustion air required to burn the_ 
%m8te liquid. Aesume a 20% excess of theoretical 
air and express your rekults in scfm. 

3. Bie amovint of available heat from the boiler if the 
flue gases leave the heat exchanger at 600^ and 
con?>lete combustion is achieved with 20% excess air. 

B. Present the flow diagram 

C. Solution by Students 

D. Discuss solution 

1. Gross heating value i sum of HHV for gas and waste. 

2. Air requirement 

a. nieoretical for gas and waste 

b. Add 20% for excess air 

3. Available heat 



f)cige. 



of. 
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Refer to Student 
Manual, p. 2-31, 
p. 2-32, 
p. 2-28. 
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Refer to Student 
Manual , p . 2 - 2 3 * 



Refer to Student 
Manual, p. 2-^32. 
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Problem 1-5: Comhmst Ion Calcnilat ion.s witli Moat Recovery 
A. Assign this problem for homework 

L)i9Cll^;s flow diagram. 

Review problem statement: 

A chemical plant has installed an industrial boiler to 
produce l^rocess steam. Itie boiler is fired with natural 
gas of Uie following comiK^gition by volume: 96% methane, 
5% ethane, and 5% nitrogen. 'Hie boiler is designed to 
burn 80,000 cubic feet per liour (delivered at GO^^K) of 
natural gas at 10% excess combustion air. 
Determine: 

Y. Tlie gross heat input to the boiler , WW) per hour. 
( Assumptions : (a) Natural gas and combustion air 
enter the boiler at GO^F; (b) heat lossqg from the 
boiler due to radiation and convection are negligi- 
ble.) 

2. Tlie combustion air requirement , cubic feet per hour 
[dit GO^F, 30 inches mercury pressure). Assume 
average atmospheric conditions are GO*^F and 30 inches 

•mercury pressure. 

3. Tlie available heat' for pyocegs 4team if the flue 
gases^T.eave the boiler heat exchanger at 400^F. 

The perponnel of \^YiG chemical plant Wre now considering 
the addition of an air preheater to the boiler to preheat 
combustion air. Calculations show that the flue gases 
leaving the heat exchanger section would enter the air 
preheater at the following conditions: 1,500,000 cubic 
feet per hour at 400*^F. l^e air preheater will be 
designed to reduce the flue gas temperature to 350<^F. 
At conditions of complete combustion, calculations show 
the flue gases entering the air preheater to be of the 
following composition by volume: 8.8% CO , 1.7% O2 r 
72-3% N2r and 17.2% H2O. ( Note :^ Calculations show the 
water vapor flow rate in the flue gases equals 7,400 lbs. 
per hour. ) 

Determine : " ^ 

4. The heat recovered (H.R. )-from the flue gases by the 
air preheater based on the flue gas analysis and 
flue gas flow rate. ( Note : Use Equation 1 shown 
below. ) 

5. The Increase in combustion air temperature resulting 
from.tJie use of an air preheater. ( Note : Use 
E<Juation 2 shown below.) 

llie combustion air temperature after passing through 
the air preheater . 



H.R. 



G. 



\ (flow rate of each component) x (difference 
in heat content of each) 



(1) 



H.R.^£ t* 0.24 X temperature^ increase x air flow rate (2) 
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CHAPTER I 



COMBUSTION CAI4CULATIONS 



PROBLEM 1. 1: Combustion of No. 6 Fuel Oil 



As sixme. perfect conibustion of No. 6 fuel oil with stoichiometric ^ixn 
The gravimetric analysis of a 82unple of this fuel oil is: 1 

^ 88.52% carbon 

10-87% hydrogen 
. 0.40% sulfur 
0.10% nitrogen 
0.06% oxygen 
0.05% ash 

\. 

{' 

Compute ; 

1. The gravimetric analysis (weight percent) of the flue gases 

2. Total volume of flue gases (at 500^F and 1 atmosphere) per 
pound of oil burned 

3. Volume percent of CO2 in dry flue gases 



Solution to Problem I^l: 



Select as a basis for calculation: 100 lbs. of fuel oil burned. This, is 
chosen for convenience as the gravimetric analysis will give the 2unounts 
of various element!^ directly* Answers can easily be scaled to the 1 lb. 
of oil as required in Part 2. 

A tabular form of solution is presented on the hext page, as this will 
(i) help to organize thinking, (ii) permit presentation of results in 
a compact format, and (iii) avoid confusion 

1^ ' / ' 
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FUEL 


1 

COMB. AIR REQ'D 






FLUE PRODUCTS 






(a) 


M W 

/w \ 

(b) 


, Quantity 

lb. lb-mole 
(c) (d) 


lb-mole 


2 

lb-mole 
\i- ) 


S. 

Cmpd. 

"(g) 


M.W. 

(h) 


lb-mole 
(i) 


lb. 


wgt % 
(K) 


r» 

\^ 




88,52 


7.30 


7 38 


27.8 


^ 

CO2 


§- 

44 


7.38 


325 


21.8 


H2 


2 


10.87 


5.44 


2.72 


10.2 


H2O 


18 






0.0 


S 


32 


0.40 


0.012 


0.012 


0.045 


SO2 


64 


0.012 


0.77 


0.05 


02 


32 


0.06 


0.002 


-0.002 


-0.007 


O2 


32 








N2 


28 


0.10 


0.6036 






N2 


28 


38.0 


1064 


71.5 


Aah 




0.05 


















Total 




100.00 




19.11 


38. 94 






50.8 1 


,488 


99.95 










48^ 


15 













Notes for Column Headings : 

(c) From gravimetric analysis of fuel 



m 

(e) 



(b) 



(c) 



From basic chemistry ^ i.e. : 



H2 



HO: 



CO2 
H2O 



(f) 

(g) 

(i) 



« (0.79/0.21) X (e) 

Products corresponc^ing to complete combustion 
of various bxidizable elements in tl\e fuel 



Pound-mole 
combustibl 
ohly if ex 
total 



Oxygen in fuel reduces air requirements. 
Excess air, if any, is usually specified 
as % of theoretical and added to the total. 



(j) 
(k) 




f productia from the amount of 

n (d) . Note that oxygen present 
's air added, and nitrogen is the 
, including any from excess air. 



79 



80 



Gravimetric analysts of fliie qasos nivon by Column (k) of the table, 



Part 2. 

\di\\\ (]as law uv.cd io calt;ulato t\\o volume of fluo (]aso.s (lUjuatioi^ 2 A) , 
p. of the Student Manual). 



V = n RT / 

where. n = 50^ lb-moles flue gases ^ ^^^^ ib-moles/lb 

100 lb oil 

from Table I . 1 
R = 0.7302 atm-ft^/( lb-mole ^R) 

from Attachment 2-2, p. 2-24 of the Student Manual 
T = SOO^F + 460 - 960*^R 
p =^ 1.0 atm. 

V = (0.508) (0.7302) (906)/(1.0) = 356 ft^ 



Part 3. 



Dry flue gases (from Table I.l) 



Coinpound lb-moles 
CO2 7.38 

0.012 

N2 38.0 
Total ■ 45.4 Ib-inolea 

Vol.^ % COj = 7.38 X 100 / 45.4 » 16.3 % 



(1-3) 
7-8 



pRoni.rM 1.2: Comlnisl ion t)I Ga^>os 



Consider a qasooiis fuol romfx:->5UMl 60% ftnd 40% CU^ by voUime, 



Dot ermine : . 

1. The volume of air rcc^uirod for comj)lete coihlni^ion of 1,000 iscfm 
of the above gases with 100% theoret ical' aiV 

2. The pounds of air requ4-red for burning 1.00 pounds of 

^ 3. The .volumetric analysis of flue gases (products), including 
. water vapor (assume no water is condensed) ^ 

4. The gravimetric ajialysis of the reactants (fuel gas and air 
mixture) 

5. The partial pressure of the water vapor in the flue for a total 
pressure of 14.7 psia 



Solution to Problem 1.2 : 

Complete and balahce the combustion equation using 1 lb-mole of gas 
as the basis. • " • 



0.60 + 0.40 CH4 + a O2 + b N2 c + <3 H2O + b N2 



(A) 



To balance the equation 



c = 



0.40 



d = 0.60 + 2 (0.40) = 



1.40 



a = c + d/2 = 1.10 



b = (0.79/0.21) a = 



4.14 



Thus ; 



0,60 + 0.40 CH + ^-iQ 02 + ilil N2 P-^Q CO2 + i-^Q H2O + ^-1^ N2 (B) 



Rel. 

Volumes ; 



0.60 +\ 0.40 + 1.10 + 4.14 0.40 + 1.40 + 4.14 




5; 2 5 



(C) 



(1-4) 
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r 



1 



/ 



Mass; 



\ 



1.20 + 6.40 35;2 4 ll[>.9 17.6 + 25.2 + 11^.9, (D) 



t4 



Part 1. . - . * * ' • . 

From EquJltlon (C). note thatf 5.24 volumes of air required for complete 
^ombustlpq of* 1^^ volumes of ^this fu<?l;gas.<» 

Therefore: tf^- • ^ v - > 

" . ^' / ' n • • . 

K \Vol. of air ?5.2{1 scfift air/scfm gis.) ('l.OOO g^fn, g^gj « 5,240 scfm air 

\. . . • . ,. \ ' —■ — ' — 

• . - V ■ y ^ ^ ■ 

Another approach '^kfe^^^^S?^'' bt 2^, P-.2-7 of .the Student Manual, 

which for gases ccwitaii|([Vii|^^. only H2 and CH^ redifces to^ V 

V^-^ ^ = 2.38 (H2) ^^.^5^ (614) - ^' >^ (E) 

' • * ^ , ' • ' 

wher^e (H^) = -ifoV,40 ' • • 

(CH4*) ^ Q-60 

- ^ ■ - • > *y 

* t . ^, -. * \. ■ 

. . ' ^. ' 

^^A, t = 2.38 0-40 ) + g.sVM y^P y = 5.24 scf air/ scf gas 

" I '•• ' • ■ T . . ' • 9 

. > * T • 

which -is t!he s'^me as obtained in the Preliminai:y Calculatioji (Equation C ^: 

above) . ^ ' \ , / * ' , 

Part 2. ' . - ' ' ; . - ^ ^ 

-*-T » . , I r " .■^•" 

From Equation D above, ]7^.60' lb. of fuel gas re^uiire^ 1^ ^-^ lb. air^ ' 



Air required per p^n<3 of gas burned n« . ( 151>1 f^b* aiifj /7.66 l't>,-ga3 
* \ - \ ^ ^^'^ Jb. air/lb. gas 



J 



V 
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Part 3. 

From'' Equation (C) above, total volume of tjlTlue products is; 

1.40 +. 4. 14 /= 5.94 

... ■ ' \ 



0.40 



CO- 



^2 



V 



Volume''% of flue products 

= o-.to 




% CO5 



X 100 / (Result of Equation F above) = 6- 7 % 

1-40 X 100 / ( 5. §4 ) = 23.6 % 

^ ^ ^ 

4.14 X 100 / ( 5.94 ) = 69.7 % 



J 



.part 4. 



Tabulate the left-hand side of Equation (B) above: 

Relative Mass 



Reactant^ 
Ho 



CH4 , 
O2 . 
N2 



1. 20 
6.40 
35.2^ 



115.9 





/' 


Wgt. 


% 


0. 


76 


4. 


03 


. 22. 


18 


73. 


03 



Total 



158-7 



100-0 



Note : 



Wgt. % of Reactant i == (Mass of i) x 100 / Total Mass 



Part . . ^ 

Partial pressure of a gaseous component is given by Equation 2.9, p- 2-10 
of the Stjident Manual- , ^ . 



Ph20:. = /"rt20>'^ <P> /"total ' 



(1-6) 



where 



n « lb-moles or volume from Equatiori (C) 
p = total pressure of flue products 



Thus ; 



"20 



( J -J^f^ Ib-molcs H2O) (14.7 psia) / ( ^-^^4 lb-moles of flue gases) 



PH2O 



3.46 



psla 



/ 




PROBLEM 1.3 



Avai Iciblo *Hoat 



I, 



Consider a lKnlt?t whicJi bvnns 10, 000 ?\an(l<n(1 (H>1^ic^ 
waste qas with higher heating valuo of 258 Btu/sci 



f(M»t [XT hour c^f a 



Determine: 

1 , The gross heat ing val vie per hour for compl e t o coml^ust ion 

2\ The available heat if the flue gases leave the boiler heat 
^ exchanger at SOO^F and complete combustion is achieved with 
theoret icpl combustion air 

3. The available heat from the same boiler if 20% excess air had 
been used and flue gas exit ^temperature was, still 500*^F 



Solution to Problem 1.3: 



Part 1. 



Gross heating value per hour = 



(Q^, Btu/sQf) (Fuel rate, scf/hr) 
(258 Btu/scf) (10,000 scf/hr) 
2,580,000' Btu/hr 



Part 2. " . . 

Use Attachment 2-9, p* 2^31 of the Student Manual to estimate the avail- 
able heat, , from the above fuel with flue gases at SOO^F* 

Interpolate between curves in Attachment 2-9 at identical flue gas tem- 
peratures using the following ratio; 



—J Desired fuel 



_ J Reference fuel 



Choosing Producer Gas. as the reference fu^l: 

* 

^^'^^^"^-Ref . fuel, SOQOF 



(130/163) = 0.,80 



(1-8) 
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With- waste cjas: Qjj 25B !itu/s(*f , from Equation (B) above: 

- Utii/scf) (CVMO) ;i)G Htu/yff 

•I^otal hciat availablo from waat.o qas30«^ = (10,000 5?cfh) (:>06 Rtu/scf) 

= 2,060,000 Dtu/hr 



Pa rt 3 . 

J 

Attachment 2-10, p. 2-32 of the Student Manual , gives available heat 
the percent gross heating value with various amounts of excess air.. 

With flue gases at 500°F and 20% excess air, read 

(Q^/Q„) X 100 = 79% 
Thus, heat available per hour with 20% excess air is: 




Q. ■ (79/100) (2,580,000 Btu/hr) = 2,038,000 Btu/hr 



PROBLEM 1.4: iJ^qiijd VJasto Combus Natural V^asi-Firod noil or ' 

Combustible liquid waste from a nuiiuifacturincj process is to be burned 

in a boiler which is fired with 1,059 Btu/scf higher heating value 

natural gas at a rate of '^,000. 9cfh.. The liquid waste is equivalent to 

10 Ib/h of benzene. ^ 

Determine: • . ' " 

— ■ ) 

1. The total gross heating value to the boiler per hour. 

2. The amount of combustion air required to burn the .waste liquid. 
Assume a 20% excess of theoretical air and express your resi3?lts 
in scfm. ' , ' 

3. The amount of available heat from the boiler if the flue gases » 
leave the heat exchanger at 600^F and complete combustion is 
achieved, with 20% excess air. 



Flow Diagram 



r 

NATURAL GAS 

• > ^ 

' 5000 ff/hr 



i 




STACK GASES 
a 600° F 



V^ASTE 
BENZENE 



10 Ib/hr 



AVAIliABLE 
J 



Solution to Problem 1.4 : 
Choose as a basis^^ 
/ 

1 hour of operation. 



Part 1- 

Gross heating value of natural gas; Q„ = 1,059 Btu/scf. 

11/ gfl s 

Gross heating value o^f benzene is obtained from Attachment 2-1, p. 2-23 
of the Student Manual: 

Qh, benzene = ^tu/lb , 

Total gross heat input to the boiler is: 

Natural gas (5,000 scfh) (1,059 Btu/scf) = 5,295,000 Btu/hr 

Benzene . (10 Ib/hr) ( 18>184 'stu/lb) = Btu/hr 

Total! =. 5,477,000 Btu/hr 



Part 2. 



Attachment 2-1, p. 2-23 of the Student Manual, gives the combustion air 
requirement for benzene (Substance No. 21) as 13, 30 lb air/lb benzene 
ot scf air/scf benzene. 



Density of benzene; 'is O^^O^O Ib/scf. 
- benzene ^ 

■ ■ A 

Theoretical^ air required to burn benzene, type waste completely 
* ' ■ 

V = (ni /o, ) (Theoretical scf air/Scf benzene) 
A, t' . benzene' ^ben^epe , 

V = ^^/^^ X ■ 35,73 ^^^/^^f benzene) 

At" ^ - 

\ ' ( 0.2060 Ib/scf benzene) 

^' ' . ^ . 

f ' • 

« . 1,730 sc£ air/hr - . 

• * ■ - .. — r~ ■ 



(i-ii) . 89 



Air requirements with 20^ excess air: 

V_.^ = (1.20)«( 1,710 scf alr/hr) 



air 



2, OHO scf alr/hr 



l^jt_3. 

Refer to Attachment 2-10, p. 2-32^of the Student Manual. Read avail- 
able heat as percent of gross heating value with flue gases at GOO'^F 
and 20% excess air as 77 % 



< 

LlJ 



LlJ 

< 

% 




600** F 



Heat available, from the boiler 
0 



( ^'^"^"^'QQQ Btu/hr) ( 77 %/ioo) = 4,220,000 etu/hr 



^ [from Part l] 

■'r" 



[from Attachment 2-10 ] 



(1-12) . 

7-17 9() 



( 



PROBLEM 1.5: Combust ion Cal culn t ions with Jjeat/ Rocovory 



Part A 

A chomical planl har> installed an industrial boilor' to prgduce procoss 
steam. The boiler is firod with natural gas of the following composi- 
tion by volume: 90% m(Mhano, 5% ethane^ and 5% nitrogen. The l>oiler 
is designed to burn 80,000 cubic feet per hour, (delivered at 60^F) of 
natural gas at 10% excess combust i(^n air. 



Determine ; 



The gross Viea t input to the boiler , Btu per hour. 
Assumptions : (a) natural gas and combustion air enter the 
^^boiler at 60^F; (b) heat losses from the boiler due to 
radiation and convection are negligible, 

Tlie combustion air requirement , cubic feet per hour (at 60^F, 
30 inches merdury pressure). Assume average atmospheric con- 
ditions are^^hO^F and 30^ inches mercury pressure. 

avai ld^*l^ ^ j^)eat for ^ pj^ocess steam' if the flue gases leave 
the boiletf/h^^t exchanger at 400"F. 



Part B ' . 

The personnel of the chemical plant are now considering the ^dfdition of 
an air preheater to the boiler to preheat combustion air. Calculations 
show that the flue gases leaving the heat exchanger section would enter 
the air preheater at the following conditions: 1,500,000 ctibic feet per 
hour at 400^F. The air preheater will' be designed to reduce the flue 
gas temperature to 350^F. At conditions of complete combustion, calcu- 
lations show the flue gases enterijig the air preheater to be of the 
following composition by volume: ' 876^r'C02, 1.7% O2, 72.3% N2 # and 
^'^A^^ H2O. ( Note : Calculations show the water vapor flow rate in the 
fiB^ gases equals 7,400 lbs. per hour.) • 

Determine : « 

. ■■ ■ . 

4. The heat . recovered (H,R.) from the flue gases by the air pre- . 
heater based on the flue gas analysis and flue gas flow rate. 
( Note : Use Equfi^tion 1 shown below.) 

1 

5. The increase' in combustion air temperature resulting from the 
use of an air preheater. ( No^e : Use Equation 2 shown below.) 

6. ' The combustion air temperature after passing through tj>e air 

preheater . 



(I- 
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13) \^ 



1^ 



H.R. = (flow r<nto of onch componont ) x (difference in 



hv,\t content, of each) 



(1) 



Btu 



"••^.•Air ' ^•''■^ J i) Op ^ temperature increase x air flow rate 



(2) 



FLOW DIAGIUM VCR BOILDl: 



Ca^BUSTIO.'J Ali^ 



CaiBUSTIOM 
ZONT- 



NATURAL .a\S 



STEAM 



1 



i 



WATER 



400*'F 



1/500 ,000 
f /h r 




AMBinNT AIR 
(60 ^F) 



350**F 



FLUE CASES. 



AIR 

^ PRHIHATER 



8.8% CO, 



72.3% 



17.2% iLo =0^- 7400 Ib/hr 



Solution to Problem 1.5 



Basis: 1 hour O'f operation 



Part 1. 



Substance 



Volumetric 
Flow Rate 
scfh 



(a) 

Gross Htg. 
Value, Btu/scf 



(b) 

Hea*h Input 
Btu/hr 



Methane— CH^ (0.90) (80,000) 



72,000 ; 



Nitrogen — N2 (0.05) (80,000) =- 4,000 ; 



1,012 



Ethane— C2H^ (0 .05) (80,000) = 4,000 ; 1,773 



72,860,000 



7,090,000 



0 



* Totals : 



80,000 scfh 



79,950,000 Btu/hr 



Note: (a) From Attachment 2-1, p. 2-23 of the Student Manual 



(b) Obtained by multiplying volumetric flow rate by the 
corresponding gross heating value. • 



Part 2 . ^ . 

Combustion air requirements : 



Combustible Volume, Theor. Air* "Actual Air (10% excess) 

Substance ' scfh scf air/jscf gas scf air/scf ' scf air/hr 

CH. ^ 72,000 9.53 - 10.48 755;000 

4 — ^ : 

Co»4 4,000 16.68 \. 18.35 73,000. 



Total Air 828,000 scfh 



*From Attachment 2-1, p. 2-23 of the Student Manual. 



7-20 . 



3 



Part ^- 

For available heat an pcrcorit of qross hoatiiuj value, use Attaofunent 2-10, 
l>. 2-2 J of the Student Manual. 

Read for 400^F flue gases am] 10% excess air %. 

Available heat from the boiler ^ ( 79,950,000 gross Btu/hr) ( 83 ^ gross/100) 



66,400,00(g:jffetu/hr. 



Part 4 , 

Heed to calculate flow rate of combustion products in Ib/hr. First correct 
flue gas flow rate from 400^F to standard temperature of GO^F, using, 
Charles' law (Equation 2.7, p. 2-9 of the Student Manual). 



V 



flue, 60OF. 



= (1,500,000 ft3/hrj^^^460 + 60 Op) / (460 + 
907,000 ftVhr 




Mass flow rate of component = 



(volume'* fraction) (total volujtne flow) (density) 





b . 


1 




Enthalpy, Btii/IK 






Density 


Mass -Flow 


at 4 


00°F 


at 


350°F 


. Component 


Fraction 


lb/ft3 


Ib/hr 


Btu/lb 


Btu/Jir 


Btu/lb 


Btu/hr 


CO 2 


0. 088 


0.1170 


9,340 


75.3 


0.703 X 10^ 


63.7 


0.594 X 10^ 




0.017 


0.0846 


1,S00 


,76.2 


0.099 X 10^ 


64.8 


0.084 X 10^ , 




0.723 


0.0744 


48,790 


85,6 


4.147 X 10^ 


72.4 


3.53 X 10^ 








7,400 . 


1,212 


8.97 X 10^ 


1,188 


8.79 X 10^ 








* 










Total 


l.OQ 




66, '830 


"400 " 


13.92 X 10^ 


"350 = 


13. .00 X 10^ 








. 7 


1 







Notet Densities available from Attachment 2-1^ p. 2-23 of the Student Manual, 
Enthalpies f rom Attachmcmt 2-7, p. 2"-,29 of the Student Mdn\ial. , 



Uoat recovered from coolinq flue qasoK = ^"400 ~ "sSO^ Htvi/hr, 



I, R ^ An - n.92 X - 13.00 x''lO^' 920,000 Htu/h 
Air "tIuc C.atu^s — ^ 



Part 5. 

Refer to Equation (2) of the Problem Statement, which on rearrangement 

» 

gives: 

At = (H.H. . ) / (0.24 Btu Ib^F •x Air Flow Rate, Vh/ht) 

Air >Air 

Obtain density of air from Attachmertt 2-1, p. 2-23 of the Student Manual,* 
to compute : 

Air Flow Rate, Ib/hr = (Volumetric Air Flow, scfh) (density, Ib/scf) 

= { 828,000 scfh) ( 0.0766 Ib/scf) 

63,400 , Ib/hr. \ * 

Substituting into expression for AT^^^. : 

( 920, 00(^ Btu/hr) * V 

At = . '. 1— = ' 60-4 °F 

.^^^ (0.24 Btu/lb-°F) ( 63,400 Ib/hr) . § 

* 

Part 6 . ' . . 

Air teitlpera'Cure after preheater =; 60°F + ^'^j^^y. ' 

• = 60 + ' 60 = 120 Op 



95 V % 

(1-17) , , 
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LESSON PLAN 




TOPIC- Review of Homework 



COURSE 427, Combustion Evaluation 
LESSON TIME 30 min. (Tues,) and 

15 min. (Wed. , ThurB. , 
Frl. ) 

PREPARED BY: * DATE: 

J- T*. B^ard Oct. 1978 



o 

UJ 



Lesson Number t 8 



Lesson Gpiii: The goal of this lesson is to rjpview the solution to the home- 
work dohe the previous night by the students. 



Lesson Objectives: At the end of this lesson the st 



will 



be able to: 



. knov^^^f they worked the previous evening's homework problems using 
correct logic and procedure; and 

know if they obtainred the correct answers to oach problem assigned. 

'J ' ' . 

Student Prerequisite Skills: Air Pollution Training Institute Course 452 or, 
equivalent experience, and one of the following: college level training 
in pliysirfal sclence,^^^«ngineeringr^r mathematics- 

Level of Instruction: Undergraduate engineering or equivalent. 

Intended Student Professional Backgr^nds: Engineers, technical staff, regu- 
latory officials, and others who wd^fc in combustion-related are a^of air 
pollution control. * > 

Suppbrt Materials and Equipment: - \ 

Workbook for Conibus^on Evaluation in ^ir Pollution Control 

Chalkboard ' i» 




Special Instructions: 'I 

The instructor should solicit questions firom the students to determine if 
they ^under stand the proper logic us^d in problem-solving and to answer 
any question^ they may have about? alternative solution techniques or 
assumptions. 

• • . . - ' ' . . ■ ■ / • - 

The prdblem statements and the solutions are found at the end of the 
l«sson plans for each problem session and in the workbook.' ^ 



References : 



1, Coml^uatlon Evaluation in Air Pollution Control 

•V'-^ ■,. . : •• - ; -8-1. ■■ 



LESSON PLAN 




TQPIC: Combustion Systems Design 



\ 



COURSE: 4 27, Combustion Evaluation 
LESSON TIME go min . 
PREPARED BY: DATE 



F. A. laohetta 



Oct. 1978 



UJ 

o 



Lesson Number: 



Lesson Goal": The goal of this lesson is to provide the student with a general 
understanding of how energy utili?;ationr together with choice of fuel and 
fuel-^firing equipment r influences system design. 

At the end of this lesson, the student will b^^le to: 



Lesion Objectives: 



r 



describe the relationship between energy utilization, furnace heat ti:;^nsfer> 
and excess air as means of furnace temperature cohtrol; 

understand the limits which may be indeed by thermodynamiq laws and >iow 
these limits dictate choice o'f energy-recovery devices following the furnace; 

calculate the energy required from fuel to mfeet an output energy requirement. 

Stud€(ht Prereqpisite Skills: Course 427, Lessons 1 through 8/ 

Level of Instruction: Undergraduate engineering or equivalent. 

Intended Student Professional Backgrounds: Engineers, technical staff, regu- 
latory officials, and others who work*^iifi combustion-related areas^ of air ^ 
' pollution control • 



Support^MaterialT^d Equipment z 
1. Slide projectot 
?• Slide nmp for Lesson 9 
Special Instructions: 
References: 

< ^ 1> _CpnJt?u8.t^ Air Pol lution Control , Chajpter 4 



> 



SLIDE NUMBER 



TITLE OF SLIDE 



'f42"7-9-l 
427-9-2 
42*^9-3 

.427-9-4 



SSON 9: COMBUSTION SYSTEMS DESIGN 



^RNACE DESIGN ,;eONSIDERATIONS 
SYSTEM ENERGY PISTRIBOTION ^. 
STEAM GENERATOR ENERGY DISTRIBUTION 



ENERGY DISTRIBUTION 



\ 



} 



CONTENT OUTLINE 



Course: 427a CombuBtioti Evaluation 



Lecture Title, 



Conbi 



luatlon Syltem Design 



7 



Page. 



of. 



NOTES 



i. 



c. 



II. 



Introductlpn ^' 
A\ State the lesson objec^ivee 

DiscuBB combyflStion systemB as a means of providing energy 
for a wide wiety of end-uses. 

Describe ^he influence which economics has in equil>ment 
choice. 

Dascribe what a "design /f iQw sheets? would include. 

A. Discuss the fact that requirements begin wjth energy 
output as established by a "load" ^ 

Describe several loads such as electric power output, 
building heating system gas-fired dryers, etc. 

B. Describe the influence of fuel selection, including 
us^ of multifueltf where availability may be factor 

C. v Introduce the impoi::tance of overall efficiency in deter- 

mining fuel-flow rat^B^, ^ 

D. Note that forced-draft fan or fans c/in be/ sized only 
after a total air^fuel relationship has fc(aen set. i 

E. Describe the design of th^^n^uced dtaft fan and stafck 



ifiutnce the aeslgn of fan and 
^ stack 



III. 



Point out, that the^ 
si(Ui control hardwa 
Discuss design methodology 

Describe need to choose a f udl and, furnace temperature 
1. Outline variables Involved , 
'2, Point out^relationiBhipB between heat transfer, excesa 

air, etc. ^ 

3. Note the trade-offs inherent in point^ above; use 
example 4.1 as illustration 

4. Introduce enei^gy balance fdr system 

B. Describe the ^nergy utilization considerations which > 
follow furnace design^ r ^ 

1. Use stAam boiler example 4.2, pg. 4-^ in Student 

Manual , * * ' 

2. Point out the manner in which practical heat transfeV 
values limit temperatures. " . , 

C. Discuss further relationsjiips whi^h would enter desigri 
as emission control hardware is added 

1, Poiftt out energy consideration* which might be needed 
- for different methods. \, 

2. Particularly note induced draft and temperature 
prd/Lenv^ with scrubbers. ' n 



Slide 427-9-1 



Refer to Student 
Manual,' 4.1, p. 
4-4 through 4-8 
Slide 427-9-2 

Slide 427-9-3 



ide 427-9-4 



LESSON PLAN 




TOPIC- Problem Session II: 

^ • Combustion Systems Design 



COURSE 427, Combustion Evaluation 
lesson' time 60 mln. 
PREl=>ARED BY: DATE 



F. A. laohetta 



Oct. 1978 




UJ 



Lesson Number: 



If 



Lesson Goal: Hie goal of this lesson is to provide the student an^ instructor- 
guided opportunity to perform calculations important in combustion system 
design. ^ ^ ^. ^ 

Lesson Objectives: At. the end of this lesson the student will' be able to: 

I ■ i 

calculate the energy requir,ed from fuQl to meet an energy output; 

. calculate the furnacQ exit gas temperature for a jiven fuel-firing 
' artan^^ment; and * 

calculate the furnace volume required to burn a given fuel. 

^Student Prerequisite SkiU-s: Course ,427, Lesson 9 I 

Level of Instruction: Uwergraduate engineering or equivalent ■ ^ 

Support" Mater ialb and Equipment: ^ 

1. Wgrkbook for Combustion Evaluation -in Air Pollution Control ^ Chapter II. 

2. Chalkboard. 

3. InaAdihbeld calculator or slide rule. * ^ 



SpeclpjpKstructlons s 'Assign Problem II. 2 for homework. 

References: r- ■ • ' ■ » ' \ ^ 

■ * " . ■ ' 
/ 1 . Cpnibustlon Evaluation in' Air Pollution Coptro^ r Chapters r 2 , 4 , and 6 , 




CONTEWT OUTLINE 

Cours/: 427, qpnbustlon Evaluation 
L9Cture Title: Probiw* s«««ion ii 



Page- 



of. 



NOTES 



I. Purpose ' • 

A. State the lesson objectives 

B« Note that this Is an Inst^ctor^-gulded problem^solvlng 
segsslon Int^eiYled to give students practice with material 
presented In earlier lessons, partlculerly Lesson 9. ^ 

1. The problem statements and coinputatlonal sheet are 
f ounA In Chapter ^1 of tile WorkbooJt^ 

2. nie cottplete^ computational sheets for the Instructor 
ar>e found at the end of this lesson plan. 

II. Methodology ^ 

A. Durlng^the. class period, guide the students throygh the 
16glc and "calculations required for the solution of 
Problem II. 1: Calculation 9f Furnace Volume. 

B. Assign for hooewotk Problem II* 2 i Furnace Volume Plan 
Review. ^ ' 

C. During the class period, guide the students l^hrough the 
loglQ and calculations required for the solutloi^f 
Problem 1 1.3 1 Calculation of Flirnace Gae Exit Teiniera-^ 
ture. 

'D. Answers to Problem 11.3 are to be confirmed during the 
^ ^ Homework Review period. 



CHAPTER IT 

r ; * 

COMBUSTION SYSTEM DESIGN PROBLEMS 



PROBLEM II . 1 : Calculatio n of Furnace Voluine 

f 

consider the design of a pulverized coal-f i red. furnace which or^^ 
an average energy release ^ate of 25,000 Btu/hr per cubic foot of furnace 
vx^Xume.---.The furhace_producea._aJLeam -With-an^ 5j x 10 Btu/ 

hr and a -thermal efficiency of 80%. * ' * ' . 



Calc 



Ulate: 



1. The furnace volume for the steam gemprator. 



Solution fol: Pyjj>blem II. 1 ; V 

1. Determine the W.en^rgy ' inpvit required in order to realizWe 
given energy output , 



'Qg ^' 55 X 10^ Btu/hr 



6^.75 X 10^ Btu/hr V ' \ . 

: r~. : ■ , ■ 

Refer to Table 9.6 in the Student; Manual, p. 9-10, to obtain 
the average design value for the heat release rate of 25,000 
Btu/hr ft^ foi?* pulverized coal firing. \ > 

- ' Qh . ( 68.75 X 10^ > 



Furnace Volume ^ " ftm etu ^ ■ 



PROBLEM 11.2: ' Furnace Volum e P lan Re view 

An industrial organization proix^aera to build a 100, OOQ nounds-per-hour 
ateam generator- The furnace Ih to be fi^d by a chaijj/q^rAte stoker 
with continuous ash removal, similar to that sh<5wn in Attachment 9-4 o^ ^ 
the Student ^Manual, p. 9-18. The furnace is 12 ft. wide (across the 
frqjitr) , 14 ft* dee{), artd 28 ft. high. The volume corres^nding to 
these diftietisions includes the . superheater volume; which is small enough 
to be neglected in the calculation. Tlie' fuel for the proposed unit is 
to be the high-volatile bituminouf coal described in Attachment 3-11 
of the Student Manual, p. 3-20. "Hie steam aenei;;atof will recfuire 
6 tons per hour of this coAl to achieve its full steam capacity. 

Determine r , , * ^ • 

1. If the furnace volume is adequatlf. -/^ 

Sol ution for Problem II. 2 : • 

# * ■ * 

1. Calculate the ftirnace volume using the dimensions given: , 

Furn.Kre volun|»o (Icnqth) x (width) x (hoightj - '(yuperhe(jter volume) 

. - ' ■ ■ 

- ( 14 ) X ( 12 ) X ( 28 ) - ro.O) 

\ ■ 

4,704 - ft-* * 



2. Calculate the energy release late per cubic . foot for the speci- 
fied fuel and design capacity. 

(conl firing r ate) x (hi g her heating value) 

Energy release rate '^TTT^ \ .^^\ 

. ^ ' ^ (PurnacQ vp\^me) 

(6 X 2,000 Ib/hr ) x ( 13,325 Btu/lb ) 




( 4,704 ft^ ) 



34,000 Btii/hr ft^ 



\ 



3. Comparo the value obt^iined alwve^ to that qivon in Table- 9^. 6 on 
p. 9-10 of the •tudent Manual. i • ,^ / 

lO.i • 



PKODIiEM II. 3: , CaJLcuJ^t^ 

A reheat stean) gen^r^tor design has onergy utilization based on 
total energy input j|higher Jtneat value) as follows: . . \ 

1. Energy absorbed in radiant boiler ^. , . . . I'J-Si^ j 

2: tindtgy absorbed in convection sur^erheater 20.8% 

3- Energy absorbed in economizer ^ . . . \ 6.6% 

4^ Energy absorbed in steam roheater .'^ . . . . . v ■ v - . flvO% / 

5. Energy absorbed in air preheater 5.0% 

6. Furnace heat losses \ . . 3.0» 

7. Flue gas and other lossf?^ • •, • 7.1% 

, ■ • 100.0% 

The unit is fired with pulverized coal, using the coal doscrxbocV as the ^ 

ai» received" coal listed in Attachment 3-12 on p/ 3-21 of the Student 
Manual. The unit operates with 15^. excess air? and the , combust ion air 
is proheatod to 3O0.^F. ^ ^ 



(.\ilculato: 

i 

1. Th^' temperature of th<? ga::; leaving the fui^naco. 

Solution for Problem 11-3^ ^ 

1. Determine the theoretical air required to burn the coal speci- 
fied, using Equation 4.1 , on p. 4.4 of the Student ij|jnual. 
The coal is 75% carbon, 5% hydrogen, 2. 3% sulfur , 1.5% nitrogen, 
6.7% oxvgen, 2.5% moisture, and 7.0% ash. 

^ ©2 

Theoretical Air = A. 1133 (C) +; 34.34 - + 4,29 (S) 



11.7^3 (.75) + 3-1.3.1 (.05- -~~)^ 4.29 (.023), 

8 ^ 



10*18 ll^s per lb of coal *^ 



Cnlculata^^tal air. • ^\ 

% EA ^ ^ 

iy>%al Air/ • - (1.0 ~~) 



15 ' 

(1,0 ♦ r- ) 'X (lO.lfl) 



lbs per 



4 

lb of coal. 



>UhtLO 



EstlMte the aaoimt^of flu« gas produced using Equation 4.2 on 

Theoretical flue ga» ■ ,G ^ 

» (m^ - noncoMbu^tlbles) ^ nf *^ 

Choose ^ batia of ona pound of fual, so that mf • It 

. * ^ 

* Ash' . ^/ . 

G - ' (1.0 - — ) ^ <l-0) X ♦ ' 

- (1.0 - ) > 1.0 X (10.18) 

100 



I > 1.0 X 



= lb gas par lb of coal '\ 

Actual flue gas • Gj =^ (G ♦ Ag) « G ♦ ^lOoT * ^t 

^ - ( 11.11) * < ^ > * < 10.19 ) 
« 12e64 Iba gas per lb of coal 

Calculate the useful energy, Q^, absorbed in the furnace region 
(ra<!iiant boiler In thts case). 



■ (fraction of energy absorbed in radiant boiler) x (HHV) 

^ • . • ■ * 

» 0^i4^ X (13,000) 

' ■ 6»435 iBtu/lb of coal 



No to that jT)^^ is also j-elated to t.lio onorqy input as follows 



Q^ « (lower Jieatincj value) - (losses) - (oi>ergy in the gages 

. leaviny furnace ) 

y ' 

which is given by Equation 4.n on p. 4-7 of the Student Manual 

Qu . - " - Ql - ^^f - tg) 

a* The energy, H, is obtained from 

H = HHV -'energy of the water in flue gas ^ ^ 
= HHV ^ Q^^ 

where: 

water in flue gas = 9.0 x (H2 in fuol) + (as-fired 

* moisture) 

' ^ - 9.0 X ( .05 ) ( .025 ) 

0.475 lbs H',0/lb coal 

■ ' I ^ 

and the energy in this water is 



= (lbs of water 'per lb fuel) x (latent heat of ^^ 
i ' vaporization) 



lbs H9O 04- n 

( 0.475 ) X (1,000 Siii) 

lbs fuel lb 



4715 . Btu per lb coal 

■ 0 



) 

now 



, H = HHV - X 

« ( X,3,000 ) - ( 475 ) 
pa ' 12^525 : Btu per lb of coal y 



/ 



Q- » fraction of energy lost from furnace x (HHV) 

- ■ V 

- ( .03 ) X ( 13,000 ) 



.J* • ■ 390 Btu per lb of co«l 

; — / 

— -c. ~nie ^llrnace gas tomperatnre-i» craleulated by substituting 
values obtained from , H , Ql » together with a 

, value for C - 0.26 Btu/lb and » 300°Fx 



Qu - H - - Gf Cp (tf - t^) 

ft 

( 6,435 ) - ( 12,525/^ - { 390 ) 



- ( 12.64 ) (0.^6 ^^T^ " 



therefore: 

tf = 2/034 Op 



( 
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Lesson Number: 11 



Lesson Goal: The goal of this lesson is to provide the student with basic 
definitions relating to emission standards and to provide them with an 
ability to make emission calculations employing emission factors • 

Lesson Objectives: At the. end of thds lesson the student will be able to: 

describe the natinre and origin of most of the published emission factors 
and state what is necessary for more precise estimates of emissions .from 
a specific installation with specified design features; ' ; 

apply the proper method for using emission factors to "determivjie esti- 
mates of emissions typical combustion sotircCis; 

define and distinguish between concentration standards (C^g and Cjj^) , 
pollutant mass rate standards , (PMRg) , and process emission standards (Eg). 
. ■ ..^ . . ■ /- ^ 

Student Werequisite Skills: First-level college chemistry, algebra, physics 
(heat), and Course 427, Lessons 2 and 3. . 

Level of Instruction: Undergraduate engineering or equivalent ; 



Intended Student Professional Baickgrpunds : Engineers, technical staff, 

regulatory officials, and others who work in combustion-related areas of 
air pollution control- ' f \ 



\ 



Support Materi/ils and Equipment; ' . \ 

1, Slide projector 

2. Slide s^t for Lesson 11 
Special Instructions: None 
-.References t'. 

1. Coinbustiort EValuajM-on in Air Pollution Control , Chapter 5. 

'.'"''■^ 11-1. 10s ■//>'. 
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>44v-il-5 " I^OLLUTANT MASS RATE STANDARD 



■4i'?-n-4 PROCESS STANDARD 



427-11-5 BMISSION. FACTORS FOR FUEL OIL COMBUSTION 

t - \ . ■ 

427-11-6 EMISSION FACTORS FOR NATURAL GAS XOMBUSTION 

V 

,427-11-7 SO, EMISSION ESTIMATE, GIVEN: 

427-11-8^ Mission ESTIMATE FROM BASIC CHQIISTRY 

427-11-9 EMISSION CALCULATION 

427-11-10 RECOMPUTATION WITH EMISSION FACTOR 

\ ■ ' ■ . v ■ 

427-11-11 PROCESS ©IISSION 

427-11-12 *^ UNCONTROLLED PARTICULATE EMISSION ESTIMATE 

427-11-13 - FRACTIONAL COLLECTIONAL EFFICIENCIES OF PARTICULATE 
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NOTES 



I. 



II. 



Introduction 

A. State the lesson .objective 

Definition of various standards 

A. Discuss the concentration standards 



Volume standards 
a. 
b. 



The symbol ap^fid is C 



vs 



B. 



III. 



Quantity pf ^llutant per volume quantity 
at a specified temperature wd pressure 

c. Examples to present: 
80 Mg/m"^ f or ambteat SO2; 

V 75 pg/m-^ for suspended p^irticulate 

d. Other volume standard unit;s can be graifs/scf; 
Ib/scf 

2. Mass standard^ , 

a. The symbol used is Cj^g 

b. Quantity of pollutant per mass quantity of 
carrier gas 

c. Units could be lbs/1 ^000 lbs. gas, g/kg gas, etc. 
Define the pollutant mass rate standards 

1. The symbol used is PMR3 ' ^ 

2. Standa^rds which fix the time rate of emission 

3. Units could be Ib/hr, kg/hr, etc. 
C. Describe process emission standards 

1* Tlfe symbol used is E 

2. Standards which fix the maximum emission permitted 
for variou^ kinds of processes ^ 

3. Such standards can be based on either input energy 
or input raw material to a prqpess 

4 Examples to present: ' ^ 

a. Combustion source standards with allowable mass 
of emission per energy input (expressed in 
millions of Btu/hr or million of kJ/hr) 
b* Now source performance standards for a (>owe3:. 
plant 

Emission Factors -r Stationary Combustion Sources ^ 

A. Define the emission factor with particular attention to 
the need for careful qualification 

1. Tabulated information appears in AP'-42 

2. These factors are , fQr systems without pollution con- 
trolls 

3. Th# IManing of the ratings A, B, C, etc., as sot , 
forth in AP-^42 need careful explanation \V. 

4. SOv ig esseiitially fixed by fuel sulfur content, wh|.le 
other emissions can be Influenced by the design or 
operation of a system 

B. Outline raethods used to estimate uncontrolled iimlssions' 

1. Basic chemistry Indicates that 40 s Is the maximum 
SO2 which <x3an be eiqpeoted from a <glven fuel such as 
bl1}umlnou9 coal 

2. The iSO^ emission factor Is 38 S 
a» This Is a lower value because oft 

sulfur in bottom ash and SO3 ;produced 
' 3, Coal ash percentage can be usad tjo calculate an 
uncontrolled part:lculate eoiitsslon for a spreader 
atoker ^' ' ' . \ • /• 

• • ■ ll#-3 



Slide 427^ri'-l . 
Slide 427-11-2 
Slide 

Slide 427-11-4 

Standard Pg, Tg 
29.92 in Hg, 60^F 
or 760 irnnHg, 25^0 



Refer to Student 
Manual , Attach- 
ment 5-1, pp. 5-20 



Refer ta Student 
Manual, p. 5-30 
Slide 427-11-5 
Slide 427-11-6 



Slide 427-11-7 . . 
Slide 427^11-8 
Slide 427-11-9 
Slide 427-11-10 

Refer to Student 
Manual, p. 5-30 \ 

Slide V27-II-II 
Slide 427-11t12 
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NOTES 



a. DaAirilM* the Influanoa of ash relnjaotion 
(Sirefully point out tha Influence of particulate else 
distribution on collection efflolenoy 

X^i Slse distribution of an input solid fuel has a direct 
influence on particulate sise distribution in the 
stack gas ^ 

2. Particulate collection devotees have different 
efficiendles for different density/ E^P^alia that 
cgl^ection efficiency varies with density \ 

3. Partible siseVs collection efficiency 



Slide 427-11-13 
Datarbased on 
pp - 2,7 g/cm3 
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> 
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Lesson Number: 12 

Lesson Goal: The goal of this lesion' is to provide the computational 

methodology used in estimating the amount of , air' pollutants^and the degree 
of control required. 

Lesson Objectives^ At' th% end o£ tJiis lesson the student will be able to: 

• use average emission factors to estimate the emissions from typical coittous- 
tion^hstal lotions; ■ 



1^ ■ 

calculate the c^egree of Control required .for a given sotirce to be brought 
into compliance with a given emission 8t.andeu:d; and ^1 

XT * ■ ' ■ - . 

per form^calculationj^.. using the re^ti6nships between anticipated SO2 

emissions and the sulfur^ content 6% liquid and solid fuels. 



Student Prerequisite Skills: Coll 
Level of Instruction: Under 



^ge aubefrra; Course 427 



Intended Student Professional 
t?rtory officials, 2md others 
pollution control* 

SuplliOf t Mat;erials and Equipment: 




f Lesson 11 
ng or., equi%Llent 



Sounds! .^TEngineers, technical iaiaff, re^- 
>rk in combustion-related areas of air 



i 



1. workbook for Combustion Evaluation In Air Pollution Controj , Chapter III;. 
Special Instructions: This is an instructor-guided problem session. 
References: 

: ; 1.' Combustion Evaluation in Air Pollution Control,. Chapter 5, > , 



m COHTEUT OUTLINE 

I Course. ' 427, Cotabuation Evaluation . V^**'**^^? 

Lac fare Title: Problem Saaalon III ^'^i.P^^ 
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NOTES 



I. 



Purpose 



A. State the lesson objectives. \ 

B. Note that this session serves as an, instructor-guided 
%#ork session, which provides the student an opportunity 
to apply definitions set fotth in Lesson 11. 

1. The problem statements and computational sheets are 
found In Chapter III of the Workbook. 

2. Ihe coi4>utational sheets with correct answers for 
the instructor are found at the end of this lesson 
plan. . 

JI. Methodology 

A. During the class period, guide the students through the 
logic and calculations required for the solution to each 
part of Problem III.lt Pollutant Emissions from Coal- 
Fi^ed Power Plant. * 
D. During the class period, guide the students through the 
logic and calculations required for the soluttmi^o 
Problem ^111.2: Fuel Sulfur Limit Calculation. ^^X^ - 
^ 1. Discuss the assunqptions which were made and how 
actual variations from these assumptions would 
influence the conclusions. 



\ 



J 



7 



A 



c. 



12-2 



C»PTER III" 



EMISSION CALCULATIONS I 



y ^ PROBLEM III. A Pollutarit Emissions from Coal-Fired Power Plant 

' « , — ^ -.-I ^ ■ - - ^ . — ^1, — — . ■■ 1- t . 11 ■ » — - — — 



Plan& call for a 5(\0 MW^ power plant to have a dry-bottom design and to 
btirn pulverized coal. The overall thermal efficiency is des:^gned to 
be 34%. 'The coal specified in the plans contains 1.3% Sulfur, 22% ash, 
* and has a l?r500 Btu/lb HHV. ^ - * | ^ 

V ^ V . . ^ '^ ^ . 

ConjiJ^ter \ 

N r ' , / . ' ' ' 

1. Hie inpCit ^nergy required when the unit is openrfeed at the )rated 
baqp^city. 



2. Hie coal firing rate at the rated capacity. . . 

3. Hie pollutant 'mass ^ate for emissions ot\ 
a.^SOr 




'2 ' 

b. Particulates - 

^ • 

c. NOv , 

d. HO 

e. CO 

TRif process emissions p^^r million Btu of energy input for 



1 




5; ThB d^rmm of ccntrbl jrequired to meat > 1.2 lb SO2/IO Btu per- 
formance standard for ^9*' ^ . « 

is. Thd dtt^rt^e.Qf control required to meet a 0.1 l^b p4rticulate/10'^ 
Qtu parfonnanice standard for particulates. 



Soliition to Problew 



1. Plant electric output rating and thermal efficifency can be used 
to find energy input froip Equation 4.9, on p. 4-8 of the Student 
Manual. ^- • * 



qI, - energy in - energy out ^ Qs 
" thermal eff n 

('^SO^ ) MW, 




.( 



... , . .X 1413 X 10^ .. 

.34 



5,019 x 10' 



Btu 
hr 



2. With the value mf ,0^ and the coal HHV , the coal-ftring rate 
is given' by: 



Ton 
hr 



HHV per ton 



5oi 



"Ion 
hr 



, Btu 

(5, 019 X 10^ ) ^ 

( 12,500 ) ^ ^ 2,bo/^ 




3a. Tiie pollutant mass rate for SOj can be obtained using the coal-firing 
fate and the emission factor for SOj- (refer to Student Manxkl/ p. 5-30 



for emission, fetors) 



(PMR) 



7" 



* lb SOj, 

^^2 ^ ton coal 



X mi 



ton coal 
hr ■ ^ 



lb SO2 • * ^, ■ ton coal 

38 X' ( 1'3 ) . . . ■ X ,( 201 ) 

' ton ?:oal 




9,929 



lb SOj/hr 



(III-2) * 

f 



hr 




V M part, ^ ton coal 

. 'part, ton coal ^ ^ hr 



Vfr X ( 22 • ) ^'-i^ ^ ( 201 
* •' ton coal 



75,174 • lb part./hr 



lb NOx „^ ton - coal 

•^x ^ ton coal 



• ton coal 



18 X- ( 201 ) l2!L£25i 

ton coal hr 



3,618 lb NOx/hr 



Similarly the PMR's for CO and HC are: 

■ 

. ton coa^^ hr 

.« ( 0.3 ) X ( 201 ) lb Ije/hr 

»= ^» 3 lb HC/hr ' 

, . - ^' lb . CO ton coal 

- ( 1.0 X ( 201 ) IbTW/hr . 



201 .. lb CO/hr 



4.i. The SO2 prooes^s tmlasions per million Rtu energy input will bv com- 
puted from the polluUint mass rate and the in^iu^t onony rate: 



W lb SO2 

( 9,929 ) — 

hr 



(5,019 X 10 ) 



Btu 



\ 



I 



1.98 



"r'" 10^ Btu 



Tliu Articulate emissions per million Btu efJergy input will be 
qomputod similarlyt 



(PMR) 



E 



part 



part 



( 75 > 174)^ lb part iculate.q/h r 
(^01^1 X 10^) Btu/hr 



lbs 



14.98 



part 



10^» Btu 



\ 



\ 



) 



V 



'4 

-.'Phe Lmputationft presented al>ove can be used to compute the degree 
of Control required to meet a given emission gtan^^td. .For this 
probloi^the perfoi^nce. standards are listed on P- 5-20 in the Student 
Manual.^ For 5a solJLd-f uel-f ired power plant which is 250 x lO^ Dtu/hr , 
or larger, the SOj standard is 1.2 lb SO2/10<^ Btu, ' 



S 



From above the calculated E 



Therefore, 



'SO2. . 



(I1I-4). 



1.98 



lb SO.,/L0° Btu 



. ■ ... I 

^ Ei;02 Standard 
' I Deqree of control needed = = x 100% 

^ ^ 



( ije ) 



X 100% 



39.4 



% reduction of thi 
uncontrolled value 



- • - ■ ' - ■' ■ - f, " • • ^ 

Similarly the particulates standard is 0.1 Ib/lO'' Btu and ^jhe 
estimated uncontrolled particulates was 




■A' 



E 



part 



_ ^ 14.98 ) j^articulates 



]rO^ Btu 



Degree of control needed - 



Epai-t - Standard 
F^^aTt""^ ~ 

( 14.98 ) -, .1 . 

:(^i4.98 ji:'": 



99.3 



X 100% 



100% 



% reduction of the - 
uncontrolled value 



/ 



\ 



PROBLEM 111.2: Fuel Sulfur Limit Calc ulation 



A 22-«etjree API fuel oil is to be burned subject to a maximum SO^ 
Gmission, standard of. 0.8 lb SO2/10^ Btu input. 

*1, "rtie maximum, sulfur composition of the 22-dgree APT fuel oil 
which meet3 the standard without flue gas desulfu^ization. 



Det ermine ; 



V 

♦ 

Solution to Problem III. 2 ; ^ 
From Studont Manual, Attachment 3-5, p. 3r-15, find: 

tbtal heat bf combustion at constant volume ^ lifHO ■■ ' - ^^^/^^ 



One should note that SO, is 1/2 oxygen ,and 1/2 sulfur by weight. 

\ 

Therefore, - ' 

J i 

.5 lb S .(0.« lb„ SOj) ( 19,110») Btu 

0.0076 ^ 



- Ibn, oil 
' ' 0.76 % s in the oil 



) 



* 

I 
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F*.' A. lachetta 
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Lesson Nvunber 13 * 

Lesson Goal: The goal of this lesson il to provide the student with the compu- 
\ tational methods typically used in determining excess air and in correct- 

ing measured concentrations to a standard basis. 

Lesson Objectives: At the end of this lesson the student will be able to: 

idcjjitify the proper equation for computing excess^^aiir from an Orsat 
analysis of -the flue gas of a combustion installation; 

state the reasons for expressing concentrations at standard conditions 
of temperature pressure, moisture content and excess air; 



a< 



identify and use the proper "factors for connoting field meas^ements 
1:o a standard basis, such as 50% excess ai^ 12% C02# and 6% Oj; 

use F-f actors to estimate emissions from a combustion source. 

StucSerit Prerequisite Skills: Course 427, Lessons 11 and- 12. 
Level of instruction: UnfSergraduate engineering or equivalent 



Intended Student Professional Backgrounds: Engineers, technical staff, regu-^ 
latory officials, and others who work. in combustion-related areas of air 
pollution control. 



■".v.- 



Support Materials And Equipment; 

X. Slide projector 

" -J ■ . .. 

2 ; Slide set for- LeA^on 13 . 
Special Instructions t None. 



References: 

!• Contoustlon Evaluation in Air Ppllutlon Control ^ Chapter 5, 

2, Requirements for Submittal of Implementation Plans and Standards 
for New Stationary Sources," Federal Register 40:194, Part V (October 6» 1975) 



r 
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LESSON 13:, POLLUTION EMISSION CALCULATIONS II 



GAS VOLUME CORRECTIONS 



GAS CORRECTIONS FOR CONCENTRATION 



GAS CORRECTIONS FOR DENSITY 

EXCESS AIR CORRECTIONS 
■• ♦ 

CORRECTIONS TO 50% MCf:sS AIR 

*■. . ■ ' \ 

CORRECTIONS TO 12% CO, 
' CORRECTIONS TO 6% 0 
,f9CeESS AI^ pRCENT 
EXAMPLE WITHOUT EXCESS AIR 
EXAMPLE WITH EXCESS AIR 




EXCESS AIR FROM ORS AT ANALYSIS 
SAMPLE OF ORSAT DATA APPLICATION 
CALCULATE % EXCESS AIR 
EXAMPLE PROCESS EMISSION STANDARD. 
DEFINITION OF AN "E" STANDARD PROBLEM 
SOLUTION OF SAtffLE"E" PROBLEM 
ALLOWABLE EMISSION 
ACTUAL PARTICULATE RATE 
F-FACTQR CONCEPT ' 
EMISSION IN tBRMi OF F-FACTOR 



EQUATIONS FOR • FACTOR 
EQUATION FOR F^ FACTOR 
TABLE OF F-PACTORS 



-V ■ 
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isura- 
:andard 



I. Introduction 

A. Stata tha lasson objactlvaa 

B. Outllfia tha ■athojkrfor corractlng voluma flald 
manta (at actual 4an«>«"tura and praaaura) to a 
praaaura tawparatura. 

* 1. Concantratlon atandarda ara baaad on praaaura and 
tanparatura a|bandarda. 

2. Tha aquation for corractlon of voluma (maaaurad at 
flsld praaaura and tamparatura T^) to aquivalant 
voluma at Pg, Tg'. ^ 

3. Nacaaaary nonanclatura and aquatlona for corractiona 
of concantratlon, C^, and of danalty, p. 

C. Dlacuaa tha baala for corractiona of concantratlon 
which ara davalopad In tanra of 50% axcaaa air, 
12% CO, 6% O2, ate. 

1. Paramatar aalactlon waa originally baaad on a 
""raaaonabla^ valua for a wlda varlaty of combustion 
aqulpawnt 

2. Effactlva atandardy^ altmlnata dilution aa a aolu* 
tlon to pollution ^ 

Chaalatry of Bxcaaa Air 
A. Ulaborata on tha baalc chamlatry of coatouatlon with 
^ axcaaa air f 

1. Baalc atolchlomatrlc ralatlonahlp for tha conbuatlon 

of carbon 

a. Mr la aaauMd to ba 20^9 O3 and 70.1% Nj. 

b. itia abova notad volvma proportion la almply 
anothar way of atatlng that O2 la 0.264 tlwaa N2. 
Uaa Information on Slida 427-13-4 tp llluatrata ^ 
aqulvalanca concapt^ 

2. Introduction of axcaaa air Into tha oortjuatlon pro- 
caaa. 

a. Excaaa air almply paaaaa through tha procaaa 
and ra-appaara in a tack gaa. Hota that CO2 and 
N2 In tha thaoratloal caaa do not changa with 

. axcaaa air addad 

b. affact of nitrogan in tha fual Influanca on 
tha atack gaa nitrogan 

9. Dlacuaa tha Oraat analyala 

1. lha ohanloal aquation ahould ba racaat to includa 
a tam for tha oxygan an^ tha nitrogan in axcaaa air. 

2. fha affact of CO maana Incraaaad O2 and raducad CO2 
for a glvan fual. 9iow that axcaaa air la baaad on 

- ooavlata coafcuationi i.a., all carbon oxldlaad to 



OO2 and all hydrogan to natar. 
tha uaa of Oraat analyala to ccaqputa ax 
ahould ba llluatratad* 
a. 9O0 wsmt b« MMurad aaparataly and 

CQ2^ 



1 



from ob««nr*d CO2 Maaut«iMnt 
HtsO Abaoxba IO2 . 

fh« d«9r«« of r««olu tlon for an Oraat 

la *o.i%; 
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Refer to <6tudent 
Manual, Chap. 5 

Slide 427-13-1 
Equation 1 
Slldea A27-13-2,3 
Equatlona 2 & 3 
Slide 427-13-2 
Equatlona 4, 5, 
6, 7, fi 8 
Slldea A27-13-4,5, 
6, ft 7 

Equatlona 11, 12, 
13, & lA 



Slide A27-13-8 



Slide A27 



Sllda 427-13-10 
Slida 427^13-11 

Slida 427-U-12 
Slida 427-13-13 
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I rlttm- Pollution Emi 88 ion 

Lecture Title. caicuiationB ii 



5SB} 



T 



III. 



b. 



c. 



DlBcuBslon of Computations 

A. Process rate standards 

1. Introduce a particulate emission standard based on 
the energy input to a combustion system as one 
example of a process rate standard 

a. Data ip needed to define a g^tuation where 
the standard presented would be applied. 

b. Computations should be outHned 

B. Corrections for excess air, C02r and O2 

1. Present and discuss typical data for a boiler 
plant stack effluent. 

a. Field measurement would be made at an actual 
temperature and pressure. ^ 
Apparent molecular weight of stack gas can be 
determined from flue gas analysis. ^ 
Mass rate of pollutant flow would be found 
from an appropriate measurement and would be 
4(field data. 

2. Illustrate calculations required to correct con- 
centration base^ on field measurement to equivA- 
lent values. 

a. Corrections are made to a standard temperature, 
^ pressure, and dry gas basis 

' b. Use of an excess air correction factor is needed, 
for 50% excess air. 

c. Computations of correction to 12% CO2 and 6% 

C. Use #f F-Factors 

1. Discuss the nature of the F-f actor in comparison 
with previously developed excess air corrections 

a. /^ 

Oh. , . 

where Cys is ^he concentration, is the 

stack gas volume flow rate, and Qjj is the heat 
input rat^. 
Show that 



b. 



Cvs Qi 



Qh 



Cvs F 



20.9 



20.9 - %0 



2p 



where F is simply Qg/QH *nd the bracketed 
term is an excess air correction. 

c. factor method is directed to calculation of 

particulate emission levels from new sources and 
requlr9# only O2 or CO2 content of stack be moni- 
tored in addition to pollutant concentration (1). 

Introduce table of F- factors and summary of equa- 

tione for 'd' ''c 

Describe errors which can result from use of F- 
factors t 

a. Variation of Fv factor due to variations of fuel 
ultisiate analysis 
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Slide /»27-i:i-14 



Slide 427-13-15 

Slide 427-13-16. 
17, & 18 

Refer to Student 
Manual, p. 5-9 



Refer to Student 
Manual, p. 5-10, 



5-11 



Slide 4^7-13-19 



Slide 4Z7-I6-20 



Slides ^427-13-21 
-427-13-22 
427-13-23 
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b« Effect of incx>inplete oonbustlon 

c. Brroneous Ojp and C02p values from Orsat analysis, 
an error also li^herenr In earlier methods 

d. Reduction of CO2 con1:ent of stack gae when wet 
•orubbers are used. 

• 








V 






<» 


V 
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* 
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.Lesson Number: 14 

» 

Lesson Goal: The goal of this lesson is to provide the conputational methodology 
required to reduce field-measured data to a basis that permits comparative 
evaluation with standards . ' > 

Lesson Cfcjectives: At the end of this lesson, the student will be able to: 

calculate excesii air, given Orsat analysis /lata; 

• ^ ■ '' ' 

calculate corrected emissions based on standards specifying 50% excess air, 

12% CO2, and 6% O2; and 

employ F-f actor to estimate emissions from a combustion source. 

Stiijient Prerequisite Skills: Course 42?, Lesaipns 11^ 12, 13 

Level of Instruction: Undergraduate engineering or ^equivalent 

Intended Student Professional Backgrounds: Engineers ^ technical staffs regu- 
latory official^, and others who work in conibustioA-related areas of air 
pollution control. 

Support Materials and Equipment: 

1. workbook for Combustion Evaluation in Air Pollution Control ^ Chapter IV. 

2. Chalkboard. 

3. Hand-^held calculator or slide rule. 

. • ■ ■ . 

Special Instructions t Assign Problems VI. 3 and Vi.5 fqpr homework. 

References: , 

1^ Combuation Evaluation in Air Pollution Control ^ Chapter 5. 




CONTENT OUTLINE 

Course: 427, Ooobustlon Evaluation 

V, 

L^fcture Title: Probi«» 8e»»ion iv 



NOTES 



I. Purpose 

A. State the leeeon objective^ 
* B. Note that thle ie an inetructor-guided problem-eolvlng 
seeeion, intended to give students practice with the 
material presented in Lesson 13. ^ 

1. liie problem statements and computational sheets are 
found in Chapter IV of the HorkbooX. 

2. Hik computational sheets with correct answers for 

the instructor are found at the end of this lesson 
plan. ^ 
II* Methodology 

Dxiring the cAtss periods guide the students through the 
logic and calculations required for solution to Prob- 
lem IV.lt Excess Air Calculations Based on Orsat Analysis. 
Ef. During the class period, guide the students through the 
logic and calculations required for the solution of 
Problem IV. 2 1 Use of F-Factors to Compute Hussion 
Concentrations . 

C. ^ Assign as homework Problem IV. 3< Calculation of F-Factor 

D. Assign Problem IV. 4 to be done by the students during 
the class period. 

E. Assign us homework Problem IV. 5: Correction of NO^^ 
Emissions Concentration to 3% 02- 

F. Answers to Problems IV. 3 and IV. 5 are to be confirmed 
in the Homework Review period* 



9 ' ' 



14-2 



\ 



CHAPTER IV 



^ EMISSION CALCULATIONS II / 



PROBLEM IV . i : Excess Air Calculation Based on Orsat Analy slfif 

Tt)d of^uent of^a coinbustion unit is characterized byt 
Orsat Analysis: 11% CO^, 9% O2, 2% CO 
SOj: 120 ppm 

Gas Flow: 200^000 acfm @ 27.5 in.Hg pressure, 

34,0^F temperAture, 8% moisture by volume 

/ \ Particulates: 4Q0 grain per acfm 



Calculate: 



1. ' The fpercen^ge of excess air in the flue gas using Equation 1 

f roiriT Attachmrjt 5-4, p. 5r23 of the student manual. 

2. The SO-j emissions in micrograms pe^^ cubic meter (pg/m^) . V 
3* llie voluMe of the dry flue gas at the observed conditions* 

4. ll^e volume of the dry flue gas at stsindard conditions which 
are a pressure of 30.00 inches of mercury and a tenqperature 

vof 60^. \ 

5. •n^e particulate concentration based on standard pressure and 
temperature. 

6. The particulate emission concentrations corrected for A 
• . a. 50% excess air : 



So lutio n for Problem IV. 1 ; 

1. Refor to Student MAnu.ii, p. 5-23, to obtain the (Equation for 
coniputinq the oxcens air from an Or sat analysis. 



1 



(Ogp - 0.5 COp) 



0.264 - (02p, - 0.5 COp) 



\ • 
X 100* • 



Hie nitrogen in the product gas, Njp , may be calcula'ted as 
followat, ^ 



Njp - /lOO - %CX)2 - - %C0 



- 100 - ( 11 ) - ( 



) - ( 



78 



% N2 



Substitute the above value into equation for IJKt 



( 9 ) - 0.5 ( 2 ) 



EA 



0.264 (78 ) - ( 9 - 0.5 ( 2 )) 



63.5 



% excess air 



2. Convert 120 SO, ppm to tsig/m-^ using Equatiori^5.8 on p. 5-5 "bf 



the Student Manual t 



1 ppm 



1 ppm SO2 



- 40 JAx (MW) 




8 X ( 64 ) ^ 



2^ ^ 



120 ppm SO, • 12a X ( 2,611 ) TT 



yg 

31:1,344 -4 



I2y 

(IV-2) ^ 
14-4 



Reduce the ^ units to ^ , by notinq that 



1,000 X 14 " 1 5a. 



Thercfote 



120 ppm S6^ » ( 313,344) ^ x 10~3 ^ 



313 



in3 



i 



3. Calculate the volume of the aeC^ as follows: 



'o dry 




4. Refer to the Student Manual, fiquation (1) on p. 5-22 and 
reduce , to Vs ^ry ' using Pg " 30,00 Hg and Ts ■ 



520 



f 



Vs 



3 




(184,000) X 



109,633 



( 27.5 .) 
( 30.0 ) 



( 520 ) 
(800 ) 



scfm 



5. 'Likewise reduce the particulate loading concentration to 
at th«NBtandapd conditio4[is^ . 



tliat 




i3o 



7 :• 



- ( 400 ) 



671 



( 30.0 ) 
( 27'5) 



X — .-^ 



( 800 ) 



1/ / 



( 520 ) 



6a. Refer to the Student Manual, p. 5-23 and use Equations (2) and (3) 
to calculate the particulate concentrati^ons on a 50% excess-air 
basis 



50V 



1 - _ 



1.50 - 0.133 N»^^ - 0.75 CO 

/£) P 



0.21 



^ 11 



1 ^1. 5^( 0. 



09 ) - 0.133 ( 0.78 ) r 



0.21. 



r 0^.75 (0.02 )^ 



0.923 



. C 



50V 



Jt 

Cvs 
F5OV 



( 671 ) 
(0.923 ) 



727 ' grain/scfm^ 



■ !. 



be Correct to 12% S^2* Equations (6) and (7) on p. 5-23 of the 

Student Manual ' . ' 



CO 



F X 
*12V 



'12V 



2p 



0.12 



Fl2V 



( 0.11 ) 
( 0.12 ) 

( 671 ) 
(0.917 ) 



0.917 



732 



grain/scfm 



/ 



c. 



Correct to 6% O, using Equatidhs (10) and (11) ; however, note that 
Equation (10) should be modified for the net (after the 'CO is 
oxidiped) : ' / 



. 0.21 - (02tj ^ 0.5 (COo) ) , 
Fr-- 



6V 



0»15 




l3i 

(IV-4) 



Tlie effluent from a bi tiiminoiis" coal- f i r so\irc(? is fimnd to^ have a 
particulate concentration, C^c. / equ.'^l to 671 grain;Vscfm (dry basis) 
The flue gas oxygen is 0% and the ratlx^n m()!»oxid<? is a^i measured 

on a dry bar^is. 

Calculate: ^ 

Ij The particulate emissions In the units of (grains/million Btu) 
using the F7 factor technique 



Sol ution to Problem IV, 2 i . 

From Attachment 5-4, p. 5-25, of tf^^int!^^^^^ find: 

• ^ 



9,820 



dsci 



lop; Btu . 



with the given C^g > 
p. 5-16, to calculate 



ilue and the comput^ , use Equation (5.32), 
, ^he particulate e?f\t^sions , grains/10^ Btu 



E C 



vs ^d" 



/■ 20t'9 

AW— - V ' ' ' J 

9 (O^p -^5-*C0o) 



= . ( 671 )\x (9,820 X 10"^) 



20.9 



20.9 - ( 0.09 - 0.5 ( 0.02) ) 




qrains/10 Btu 



(1V-.6) 



\ 



PROBtJEh IV. 3 1 Calculation of F-factor 



F- factors are useful in the calculation of omission^ from combustion 
sources. Consider a bituminous coal having the "as-fired" ultimate 
analysis of 75% carbon, 5% hydrogen, 6.7% oxygen, 1.5% nitrogen, 2.3% 
sulfur, 7.0% ash, and 2.5% free moisture. The heating value of this 
coal is 13,000 Btu/}b. 



Calculate! 



1. The J- factor t. F^ , using the Equation 5.28 on p. 5-15 of the 
Student Manual and compare this value with that given in 
Attachment 5-5, p. 5-25, of the Student Manual. 



Solution to Problem IV. 3 i 



The equation for the F-fadtor, F^ , , is 




10^ Btu 



[3.64 ( 5 ) + 1.53 ( 75 ) 0.57 (2.3) + 0.14 (1.5) - 0.46 (6.7)] 
" ( 13,000) 



10,581 



dscf 



106 Btu 



(IV-7) 



13 



PROBLIilM IV. 4: Calculatiori of . Pollutant Concent int ion ^ 



Bituminous coal is burned completely at a rate of 5 ton/hr with excess 
air. An evaluation of the offluont yields the following data: 

Orsat Analysis*: 0.1% 

O2 10.6% . , . . 

CO 0.0% 

Volume Flow: 26,000 scfm 

Pollutant Mass Rate t 130 > 000 ~grain55/min. 



Co mpute : 

1. The particulate concentration corrected^to 50% excess air. 

2. Ttke particulate concentration corrected to 12% CO2* 

3. 'rtie particulate concentration corrected to 6% O2. 



Solution to Problem IV. 4: 

^ ^ 

1. Find the particulate concentration, C^g , using the flow and the 
pollutant mass rate from Equation 5,21, p. 5-14 of the Student 
Manual j \ • • ' v y 

C = PMR 
Ws — — 



(130,000) grains/min. 
( 26,000) scfm ^ 



grains/scf 



Correct the concentralrshwi to 50% excess air using Equations (2) and 
(3) 6m p- 5-23 of the £ t Aden t Manual 



F = 1 - 

^ 50V . 



1 - 



1.5 02p - 0.133 N2p - 0.7^ COp 
^,5 (0. 



.106) - 0,133 (0.803) t 0,75 ( 0.0 ) 

or2i 

(IV-8) , , , • • 



t 



- 1 - ( 0.249 ) 



0;751 



'50v 



vs 



F50 



vs 



( 



) 



(0.751 ) 



6.65 



graina/scf at 50% EA 



Correct the concentration to 12% COj using Equations (6) artd (7) 
on p. 5-23 of Student Manual - 



12V 



'12v 



/ 



^2p (.091) 
' 0.12 .12 



0.758 



'V8 



12 



( 5 ) 
(0.758 ) 



6.5 9 gralns/scf at 12% CO2 

Correct the concentration to 6% O2 using Equations (10) and (11) 
on p. 5-24 of the Student Manual 



3 



6v 



. Q-^^ " Q2p . 0.21 - (0.106 ) y 



0.15 



0,15 



'6V 



0.693 



P6v 



( 5 ) 
( 0.693 ) 



7.21 graina/scf at 6% Dj 




.Mi 



.' ■ ■ * 



■ : m 



""Km 



% 



PROBLEM IV. [y: 



Correct icui <>! NOj^ EmisiiicMi Conc oMtr.'jt ion to 1% ()^ 



Limiting the^xo^ss air during combustion ii> an important technique for 
controlling the NO^^ emissions. In order to i)rovide a more meaningful 
basis for comparison, the resulting emissions will bo corrected to a 
standard basis of 3% O2 (or 3% excess O2) . Consider the NOj( emissions 
of 200 and 300 ppm from an oil-fired power plant undeV the stack gas con- 
ditions A and B, respectively (which have different conditions of excess 
a^r). 



Condition 


CO2, % 


Dry Volume 


Basis 
N2, % 


■ ■ ■- i ' ■ 

NOjj, ppin 




A 


13.3 


2.2 


84.5 


200 > 
















B 


9.7 


7. 3 


83.0 


300 




V 
















J 






• 



Determine : 



1. llie excess air corresponding to conditions A and B. 

2. The correction factor to be used in correcting NOy emissions 
from thoir actual condition to tho baf^in of 3% O-p. 

3. Tlie .corresponding- values of NOy at the standard basis of 3% 
oxygon. 



Solution to Pi-oblem IV. 5 
1 



Find the excess ait" . for (Conditions , A and B usincf Equation (1) 
on p. S-2 3 of the/ Student Manual. 



%EA 



- 0.5 COp, 



0.264 N2 - (0;jp - 0."^ COp) 



X 100 



f 



For condition A: 



: 



( >022 ) - 0.5 (fl.O ) 



0.ii64. (.845 ) - !;.022 - 0.5 (0.0)) 
10. 9% ; fo3^ condition A. 



X 100% 



. 14-12 ^ 



IT: 



For condition B: 



%EA 



( .073 ) - 0.5 (0^ ) 
0.264 ( .83) - ( .073 - 0.5 ( 0.0 )) 



X 100* 



50.0 



for condition B. 



Ttie volume correction factor for fl\ie gas O2 is derived from 



0.21 - O 



O2V 



2p 



0.21 - t) 



2 std 



^,0.21 - O 



2p 



3v 



0.21 - 0.03 



0.21 - o 



2p 



{ as ) 



Use thfe correction factor developed above, ^ to correct the measured 

NOj^. emissions at conditions A and B to the 3% O2 standard basis: 

For 200 ppm NOj^ at 1 0 '9 % excess air 
^v _ 200 ppm 



'3v 



.21 - (.022 ) 
.18 



191 



ppm corrected to '3* 



For 300 ppm NO^ at, 5Q % excess air 
« _ ^ « 300 



'3v 



394 ppm corrected to 3% 0 



.21 - ( .073 ) 
.18 ^ 



(iy-11) 



A. 
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Lesson Numbex^: .15 

Lesson Goal: The goal of this lesson is to provide an overview of the logic 
for control qf combustion systems and special features of control systems. 



Lesson Objectives 



At the end of this lesson^ the student will be able to: 



list the important variables (stNaam pressure, fsteam flow rate^ gas tempera- 
ture) whictt^ ipay serve as tVie controlled variables used to actuate fuel/air 
controls for combustion systems; 

describe the primary purpose of a controlx system which is to maintain com- 
bustion efficiency and thermal states; 

understand the interrelationships between varying load (energy output) 
requirements and both fuel/air flow and excess air/ 

student Prerequisite Skills: Course 427, Lessons 2, 3, 6, and 9 

Level of Instruction: Undergraduate engineering or equivalent 

Intended Student Professional Backgrounds: Engineers, technical staff, regu- 
latory officials, and others who work in combustion-^related areas of air 
pollution cofttrol. *: 

Suppott Materials and Equipment: 

1. Slide projector and 16 mm sound movie projector. 



2. 

0 



Slide set for Lesson 15. 



3. Film^- "Boiler 



Special Instructions: 



. j>eriod. 




Their Control. " 



the film after the first 30 minutes of the lesson 



\ 

References : 

1. Combustion E valuation in Air Pollution Control , Chapter 6. 

2- North American Combustion Handbook , Second Edition, North American 
Manufacturing Company, Clevi^and, Ohio (1973). 

3. Steam , Its Generation and Use, Chapter 35, .)9th Edition, Babcock and 
Wilcox Company, 1978. 



S LIDE NUMBER TITLE OF SLIDE 

LESSON 15; INTRODUCTION TO COMBUSTION CONTROL 
427-15-1 SCHEMATICIOF STEAM-FLOW ORIFICE STATION 

427-15-2 ACTUAL STFJM-FLOW ORIFICE STATION ^ 

427-15-3 STEAM-FLOW DIFFERENTIAL SENSING AND TRANSFER UNIT 

427-15-4 _ AyrpMATIC FORCED-DBAFT^ LOUVER CONTROL 

427-15-5 AUTOMATIC GAS -FLOW ^ONTROL VALVE 

427-15-e DIAGRAM OF A COMBUSTION CONTROL FOR A SPREADER-STOKER 



FIRED BOILER 



427-15-7 ' > DIAGRAM OF A COMBUSTION CONTROL FOR A GAS- AND OILr-FIRED 

BOILER 

427-15-9 DIAGRAM OF A COMBUSTION CONTROL FOR A PULVERIZED-COAL 

FIRED BOILER ' - 

427-15-9 DIAGRAM OF A (%JBUST1,0N qONTROL FOR ^ CYCLONE-FIRED BOILER 




CONTENT OUTLINE 

Course ^27, Combuatfon Evaluation 
i ^ -r;*/^' Introduction to 

Lecture Titfe. gpnibUBtign ^9^91 



3B) 



I, Introduction 

A- State lesson objectives 

B. • Describe primary function of combuatlon control 

1. System must maintain combustion efficiency vAille con- 
trolling emissions 

2. Control must permit maintenance of pro-determined 
values of temperature, pressure, etc» , in systems 
to which energy is supplied 

3. Tliere is a requirement to aooomplish the above under 
all conditions 

II. Specific requirements of combustion control 

A. Note that all systems must alter fuel input rate pro- 
portional to energy output while simultaneously adjust- 
ing the air/fuel ratio 

B. Describe Interrelationships between, fuel change and other 
varledples : 

1 . Sjt:eam pressure and/or stetun flow 

2. Ihteractlons between forced draft, Induoed draft, 
and furnace dtaft. 

3. * Hie Importance of fuel properties and the range of 

controls Should be appreclatetl. 

a. There is an Influence from high-moisture content. 

C. Discuss control logic for stoker-fired coal-burning 
units t 

1. Itie interaction between steam pressure act;uated 
fuel feed and "steam-flow air-flow" actuated 
air supply 

2. Separate furnace draft control element 

D. Describe the control systems usually employed for gas- 
and oil-fired boilers . ' 

1. Steam pressure is used as a prime controlled variable 

2. Cross limits are built in for regulation of air flow 
and fu(^^flow. 

3. nver^ is a^separate control leg when atomizing steam 
is used. ^ ^ 

E. Discuss pulverizer coal-burning controls 

1. 'Wie master fueL flow controller considers the total 
flow versus l^jS^d characteristics 

2. Hhm air-flow/fuel-flo^ relationship is one of parallel 
application. )k . V 

3. Ttie low-select Auctioneer action when air fld^ is 
low shouj-d be discvissed/ relative to coal flow rate. 

F. Diecuse cyclone furnace combuetion controls 

1* Each cyclone functions aa an individual furnace 

2 . Itie use of multi-cyclones as multiple furnaces should 
be described 

3, n\e 02 analyzer hae been specif ioally included to 
fine tune excess air 

MI, Pil» — '^Boilers and Itieir Control** . ^ 

K. Show the film (30 minutes) / 
B. Review and discuss the major points presented in the filmi 
1. TWO type? of boilers arei 



15-4 



-m 



Page. 



NOTES 



Slide 427-15-1 
Slide 427-15-2, 
Slide 427.-15-4 

Slide 427-15-5 



Slide 427-15-6 
Refer to Student 
Manual, p. 6-12. 
Attachment 6-1/ 
for definition of 
control aytnbola 

Slide 427-15-7 



Slide 427-15-8 



Slide A27rl5-9 



( 
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Course : 
Lecture Title 



427, Combustion Evaluation 
Introduction 

Combustion Contjrol 



NOTES 



a. Fire-tube boilers 

b. Water-tuba boilers 

2. 'Hiree primary boiler circuits are: 

a. Steam and water circuit 

b. Flue gas and air circuit 

c. Fuel circuit 

3. Steam and water circuit composed of: 

a. Steam drum 

b. Mud driun^ 

c. Downcomeps 

(J. Risers * 

4. Feedwater level maintenance is: 

a. Vital tp combustion control 

b. Vital to efficient operation 

c. Influenced by swell (occurs during increased ^ 
steam production) and shrink (occurs during 
decreased steam production) . 

5. Steam flow is controlled by demand for steam 

a. Steam pressure is the control impulse for fud"l^^ 
input ^ \ ^ 

6. Flue gas and air circuit 

a. \ Provides combustion air 

b. Circulates product gases within the furnace 

c. Removes flue gases 

7. Furnace draft (negative pressure) 

a. Will be specified in furnace design (some 
furnaces are pressurized) 

b. Requires proper oontrol of forced draft and 
induced draft fans. 

8. Control of fans for combustion air 

a. Is accomplished by variable dampers or variable 
speed motors 

b. Must lead fuel-flow increases when load is 
increased 

c. Must lag fuel-flow when load is decreased 

9. Efficiency is increased by use of air preheaters 

a. Tubular type 

b. Regenerative type 

10. Control of, excess air is required for complete com- 
bustion 

a. Too much excess air results in 

1. Less time for heat -transfer to the tubes 
so that the flue gas temperature increases 
ii. More flue gas being emitted at higher tem- 
peratures 

b. Greater excess air is required with lo^^h^*^ 
conditions 

11. Miniimum air flow rate should be liltdted to 25% of 
the full load *ir flow rate 

12. Fuel flow controls 

a. Should limit the flow of fuel to the amount of 
available air • . 

b. Should provide automatic shut-off valves 



ENT/OUTLI 



Course *''\'^^J^tTtiT'^^''''^' 





Combustion Control 




^ 13. Only with optLmunv Instfumentatdon and control can 
efficiency be/ maintained undej all load conditions. 
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TOPIC- Combi^tion Installation 
Instrumentation 



COimSE: 427^ Combustion Evaluation 
LE^SOIJ time: 45 min. 
PREPAF<EO BY DATE 



F. A. lachetta 



Ck:t. 1978 




Les^n Number: 



16 



soh Goa^: The goal of this lessdfi is to provide the student with information 
about instruments used for combustion systems monitoring with particular 
emphasis on good operation. 



Lesson Ctojectives: At the end of lihis 



1^1 



.6n the student wil'l be able to: 



identify instruments .which would indicate improper combustion or energy 
transfer; and 

d|jcr^be th^/ii}fluence of excess air (indicated by ^2 stacK 

^ases) on the boiler, efficiency, fuel/tate, and economics of a particular 
combustion install at;^on. 




0 



427 , Lessoa IS. 



^ Student Prerequisite Skills? „^ 

Level of Instrufction: Undergraduate engineeirirxg or equivalent 

# ' . 

Intended Student I^rgjEessional Backgrounds: Engineers^ techi%ical staffs regu- 
latory officials/ and others who work in combustion-related areas of air 
pol^tion control. 

Support Mjaterials and Equipment 

1. Slide projector ' 

2. Slide set for Lesson 16 
Special instructions: None 
Inferences: 



0 



1. Combustion Evaluatlor^tlL ^^ a^r ^ ^^pl^utlon Control , Chaptei; 6.. 



SLIDE NUMBER ^ « TITLE OF SLIDE 



LESSON 16; COMBUSTIQN INSTALLATION INSTRUMENTATION 
427-16-1 STEAM-yLOW AI^LOW METER AND CHART 

427-16-2 DRAFT GAUGES ON SPREADER STOKER-PIRED BOILER INSTRUMENT 

I 

PANEL ^ 
427-16-3 GAS aV WATER TEMPERATURES OF ECONOMIZER 



427-16-4 INSTRUMENT PANEL WITH REMOTE STACK SMOKE INDICATOR 



/ 427-16-^"' ' SKETCH OF REMOTE STACK SMOKE INDICATOR , >«5^ 

i»27-16-6 ' RANfeREX CONTINUOUS CO2 METER 



427-16-7 TYPICAL 0^ READINGS 

427-16-8 TYPICAL CO2 READltlGS ^ 

427-16-9 EFFECT OF EXCESS AIR (FLUE GAS c6^) ON COMBUSTION EFFICIENCY 

427-16-10 . .IMPROVED EFFIOTNCY CASCADE 



r 

^ / 



CONTENT OUTLINE 



Course : 
Leefure 



427, Conbutttlon Evaluation 
T/f/m- Combustion Installation 



Page -2 of. 



NOTES 



Introduction 

A, State the ^lesson objectives 

B. Outline the use oC instruments as operator guides 

1, Steam- flow air- flow meter on a bpiler instrument 
. panel 

a. Note the. usual pr^atlce of nearly coincident 
pen ttaces 

b. Dote inherent influence oh operator designed 
into the unit (pens together> 

Puel-f Icfw meter ^ 



Slide 427-16-1 



2. 



a. Used both to guide operator and for record*- 



V keeping 

J}mMB draft gauges* employed to monitor gas loop 
^"^omponents , such as furnace, fans;, air preheater,> 
etc. 

Temperature, measurements 

Furnace and flue gases at various points 

b. . Gas temperatures at significant locations 

c. Fuel oil whejje needed 
Smoke IBdicato^s 

No« use of 
scales 



Slide 427-16-^ 



4. 



5. 



a. 



signal lights and opacity indicator 



6. 



C02 
a. 



and O2 monitoring 



Slide 427-16-3 

Slide 427-16-4 
Slide A27-16^5 - 

Slide " 



b. 
c. 



Portable and fixed instruments should b^ 
described here 

Give ranges of CO2 for several fuels 
Give range of O2 for several fuels 
Importance of proper instrument;ation relative to efficiency 
A. Describe recordkeeping normally possible 

1, Integrators used on steam-flow, fuel-flow meters, X.' 
^ etc. 

^ a. Note the use of micro-processors to give ^ 

continuous efficiency estimate 
Discuss flue gas monitoring as related to both effi- 
ciency and pollutant emissions 

1. Point out efficiency versus CO2 relationship 

2. Note the effect of flue gas exit temperature on 
efficiency 

Discuss cascade effect of improved efficiency 



Slide 427-16-7 
Slide A27-16--8 



3, 



4. 



Slide A27^16--9 



Slide ^27-16-10 



as an argument for flue CO2 or O2 gas monitoring 
instruinentB ^ , 

Relate O2 radiation with efficiency improvement 
a. Note a 1% reduction of O2 corresppnds to 



1/2 to 1% improvement of efficiency 
Use of Instrumentation in Preventive Maintenance / 
A. Outline the preventive maintenance-instrumentation 
Ijnteraction 

1. Note the need for establishing norms as 
reference values 

2. Describe how instrument reading changes are 
. * indicator^ of problems 
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MBTES 



a. Use of CX)2 through unit as measure of aiir 
infiiy^^^)in 

b. Ten4)erWOTe \ 



"Variation at ^^eheaters, etc 



J 



148 



1,6-4 



LESSON PLAN 




TOPIC- Gaseous Fuel Burning 



COURSE 427, Coit4>uation Evaluation 
LESSON TIME: 60 min. 
PREPARED BY: DATE 

L- U. Lilleleht Oct. 197,8 




UJ 



Le&son Number; 



17 



/ 



Lesson Goal: To provide th^ student with an accurate understanding of the 
design and operational pareuneters which influence the emissions of air 

pollutants from gas-bur/ning devices. 

. . / ■ 

Lesson Objectives: At the end of this lesson the student will be able to: 
describe the functions of the gas burner; < 
define pre-mix and its influence on the type of flame; 



list burner design features and how these affect the limits of stabl^ flame 
operating region; 



ibU f la 



name four different types of qjas burners and their special design features; 

cite typical gas furnacer breeching, and stdpk operatin;^ temperatures, 
pressures, and gas-flow velocities; 

describe the relationship between flue gas analyses and the air^-torfuel 
ratio; 

liist the causes and describe the signs of malfunctioning gas-burning 
deviceiH and 

describe techniques used to correct a malf unc^oning gas-burning device. 

f S^jdent Prereq\jri:^site Skills: Course 427, Lessons 2, 3, 5, 6, 9, 15,16. 

Level of Instruction: Undergiraduate- engineering or equivalent ' > 

Intended Student Professional Backgroiinds : Engineers, technical staff, regu- 
latory officials, and others \fho work in combustion- related areas of air 
pollution contr'ol. \ 



iipr 



Support Materials and Equipment 



Special Instructions: None 

References t ^ 

■I •* 

1 • Combustion Evaluation in Air Pollution Control ^ Chapters 2 ^ 3 ^ and 

2. Combuetlon Handbook / publisjiied by the North American Manufacturing 
Company, Cleveland, Ohio (1952) . 

3. Danielson, J •A., editor. Air Pollution Engineering Manual , AP--40, 
2nd edition, USEPA (May 1973) . 
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SUPE NUMBER TITLE OF SLIDE 

LESSON 17; GASEOUS FUEL BURNING ^ 

w 

427-17-1 BLUE FLAME ■ 

427-17-2 YELLOW FLAME 

427-17-3 , ATMOSPHERIC BURNERS - FLAME STABILITY 

4^27-17-4 ATMOSPHERIC PRQIIX TYPE GAS BURNER 

427-17-5 MULTI-FUEL OIL GASIFYING BURNER 

427-17-6 FURNACE HEAT RELEASE RATE 

427-17-7 CCMPARITIVE FURNACE SIZES 

427-17-8 - TYPICAL BREECHING AND STACK CONDITIONS 

427-17-9 VELOCITY IN CONVECTIVE SECTION ^ 

427-17-10 ' FLUE GAS ANALYSIS « 



■A 
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CONTENT OUTLiW 

Course: 427, combustion Evaluation 
Lecture Title: caseous Fuel Burning 



T 



Page. 



NOTES 



I. 



II. 



III. 



Int^Toduction 

A. , State the ^oals and objectives of this lesson. 

B. Review combustion concepts 

' 1. Requirements for complete combustion 

2. Theoretical and excess air 

3. Adequate temperature, tu|:bulence, and time 

C. Typical gaseous fuels 

^ 1. Heating values of natural gas and other common 
- gaseous guels — 

2. Lowest heating value for direct combustion 
Fleune combustion mechanisms 

A. Hydroxylation theory 

1. Air mixes with fuel prior to combustion 

2. Oxidation is gradual 

3. Blue flamd* is produced 

4. Incomplete combustion products inclu^i 

a. Aldehydes and acrid odor 

b. Other partially-oxidized hydrocarbons 

B. Carbonic combustion mechanism 

1. Fuel is not premixed with air 

2. Crackitig reaction produces solid carbon ' 

3. *" Yellow f l2ime frcxn incemdescent carbon 

4. IncoiT\plete conbustion products include soot, 
carbon monoxide # etc. 

Gas-burning characteristics 



smoke, 



gas burner 
gas and air 



B. 



Functions of a 

1. To deliver 
proportion 

2. To provide mixing and ignition. 
Most burners employ the BuAsen principle 



at the 



desired rate and 



IV. 



1. Some (primary) air is premixed 

2. Remainder is secondary air ^ ' 

3. Flame propagation velocity 

4. . Shape and appearance of flsunes affected by 

a. Degree of pre-mix 

b. Degree of turbulence and mixing 
C. Sted^le flame region 

1» Bounded by 

a. Flash-back 

b. Lifting and blow-off 

c. Yellow tip 

d. 'CO formation 
2. Turn-down ratio 

Classificatic^n of gas burners \ 

A. Pre-mix type 

1. Atmospheric burners 

2. Multiple , port burners 

3v Power burners v * 

B. NokzXe-mixlng type 

C. Long flame biiTners 

D. Specialty gas burners s 
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Refer to Student 
Manual, Chap. 2 



Rf f er to Student 
ManuaL, Chap. 3, 
and Lesson No. 6 



Slide 427-17-1 



^llde 427'-17-2 



Refet to Student 
Manual, p. 7-19. 
Refer to Student 
Manual, p. 7-18., 

Slide 427'"l7-» 
Refer to Student 
Manual, p. 7-20. 



Slide 427*17'-4 
Refer ro Student 
Manual, p. 7-17 
and 7-21. 
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CONTENTilUTLINE 

Course: 427, Combustion Evaluation 
Lecture Title: Gaseous Fuel Burning 
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NOTES 



1. High excess '^lir burners to provide hot gases at 
uniform tei^parature 

2. Lean fuel burners for very low heating value fuels 

3. Multi-fuel burners ' ^ " 

4. Other 



System design considerations 



I 



A. Combustion furnace volume 
1» Flame to fill volume 

2 * Shape determined by type and number of burners 

B. Typical energy relefise rates 
1* In primary zone and overall 
2. Comparison with other fuels - 

C. Fyrnace operating conditions 

1. Pressure slightly lower^ 

2. Velocities in convectii 

D. Breeching and stack 

1. Draft control . ' 
a * Natural 

b. Forced and/ot induced 

2. Stack conditions 

a. Typical flow rate (velocity) ' 

b. Temperature 

(i) Effect on heat losses 
(ii) Minimum required to prevent condensation 
Operation and Control 
A. Control Of air-to-fuel ratio 

1. Flue gas analysis \ 

2. Flame appearance and teit?>erature ^ 



B. 

C. 



Air 
A. 



Slide A27-17-5 
Refer to Student 
Manual, p. 7-24. 



Slide A27-17-6 
Slide 427-17-7 

Slide 427-17-8 



Slide 427-17-9 



3« Burner nozzle adjustment 
Evidence of insufficient air 
Evidence of too much excess air 
Safety considerations: 

1. Start-up and shut-down procedures 

2. Fuel changes should not be atten^ted without prioi 
thorough analysis by experts. 

pollution consideratjhDns ♦ 

Most gaseous fuels are cle2ui burning in properly designed, 
operated, and maintained equipment . 
Pollut2uit emissions fromx 

1. (Operating outside stable flame region 

2. Insufficient air 

3. improper operation of burner x 

a. Damaged by flash-back 

b. linx>at clogged by soot 
Inadequate mixing 

Exceisslve firing rate for given design ^ 
Uncontrolled emissions factors from gas-burittng devices 

1. Natural gas 

2. Liquefied petroleuok gas (LPG) . 



Slide 427-17-10 
Refer to Student 
Manual, pp. 7-25 
and 7-26. 



4. 

5. 



Refer to Student 
Manual , Attach- 
ments 7-11, 7-12 



17-5 



LESSON PLAN 




TOPIC: Fuel Oil Burning 



COURSE 427, Combustion Evaluation 
LESSON TIME 60 min, ^ 
PREPARED BY- DATE 

J. T. Beard Aug, 1978 




UJ 

T 



Lesson Number: IB 

Lesson Goal: The goal of this lesson is to provide the student with an 
accurate understanding of the design and operational parameters which 
influence air pollution emissions from fuel oil burning eguipment. 

Lesson Objectives: '"'^^ the end of this lesson the student will be able to: 

describe the ^Important design and emission' chai?acteristics of oil burners 
using air, steam, mechanical (pressure) and rOtary cup atomization; 

describe the influence of temperature on oil viscosity and atomization; 

describe how vanac^ium and sulfur content in fuel oil influence furnace 
corrosion and air pollution emissions; '"^ 

' \ . ■ 

describe burner nozzle maintenance and ita influence gn air pollutant 
emissions from oil combustion installations; and 

lo'cat^^nd use tabulated values of oil fuel^ properties $ind pollutant 
factors to compute ungontrolled emissions from oil-burning sources. 

'Student Prerequisite Skills: Course No. 427^ Lessons Ntmiber 6, 9, 15/ 16 

Level of Instruction: Undergraduate engineering or equivalent 

Intended Student Professional Backgrounds: Engineers, technical staff, regu- 
latory officials, and others who work in dombustion-related areas of air 
pollution control. - , 

. ■ ^ ■ ■ . ^ 

Support Materials and Equippient: 

1. Slide projector , , 
;^2. Slide set for Lesson 18. 
Special Instructions: None ^ • 



18-1 



15. 



Combustion Evaluation in Air Po llutio n Control , Chapter 8, 

"Guidelines for Residential Oil Burner AdjustmAt/* EPA-600/2-75-069a 
(Oct. 1975). 

"Guidelines for Burner Adjustments of Commercial Oil*-Pired Boilers," 
EPA-660/2-76/008, published by Industrial Env. Res. Lab., USEPA 
(MarcH 1976) . ' 

"Guidelines for Industrial Boiler Performance Improvement," EPA-600/* 
8^77-003a, publls^ied by Industrial Env. Res. Lab., USEPA 
(Jan. 1977) : - . 

Burkhardt, C. H. , Domestic and/ ' coirana4;qial- Oil Burners , Third Edition, 
McGraw-Hill Book Co., New Yorl^ (l969) . 

Ftyling, G. R.', Combustion Engineering , Revised Edit4on, published 
by Combustion Engineering, Inc. New York (19^6) , 

Steam: Its Generation and Use , 38th Edition, published by 'Babcock 
and Wilcox, New York (1972). 
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SLIDE NUMBER 



TITLE OF SLIDE 



427-18-1 

427-18-2 

427-18-3 

427-18-4 

427-18-5 

4-27-18-6 

427-18-7 

427-18-8 

427-18-9 

427-18-10 

427-18-11 

427-18-12 

427-15^13 

427-18-14 

427-18-15 

427-18-16 

427-18-17 

427-18-18 

427-18-19 

427-18-20 

427-18-21 

427-18-22 

427-18-23 
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LESSON 18; FUEL OI L BURNING 
PURPOSE OF FUEL OIL BURNING 
REQUIREMENTS TOR COMPLETE COMBUSTION 
MOD^ OF COMBUSTION OF FUEL OiL DROP^^ETS 
.API*ROXIMATE VISCOSITY OF .FUEL OILS 



TYPICAI. EXCESS AIR LEUELS 

VOLUMETRIC HEAT RELEASE RATES AND RESIDENCE TIMES 
'SCOTCH-MARINE. BOILER 




INTEGRAL FURNACE BOILER 
WATER WALL TUBES , 
WATER WALL TUBES 
INTEGRAL FURNACE BOILER, TYPE D 
^VERTICALLY-FIRED OIL BURNING FURNACE, f , 
TEMPERATURES. IN BOILER OF PREVIOUS SLIDE 
BOILER, TANGENTI ALLY FIRED ' V 
WATER-WALL FURNACE CROSS SECTION (TANGENTIALLY FIRED) 
ATOMIZING CHARACTERISTICS OF^ DIFFERENT BURNERS 
ROTARY CUP BURNER 
HIGH-PRESSURE ATOMIZER (DOMESTIC) 
LOW-PRESSUrS' air AtOMIZER 
LOW-PRESSURE AIR ATOMIZER SKETCH 

LOW-PRESSURE AIR ATOMIZER MOUNTED IN COMMERCIAL FURNACE 
TANGENTIAL SWIRL NOZIiLES , 
SWIRI. DEVICE FOR SECONDARY AIR 
HIGtt-BBB&SURE ATOMIZER 



S1,1DK NUMBER :nTI,F^ OF SLIDE 



A27-18-25 - MECHANICAL ATOMIZATION (WITH RETURN FLOH, SPlLL BACK) 

427-18-26 EXAMPLES OF RETURN FLOW HIGH AND LOW FIRE 

A27-I8-27 STEAM ATOMIZING (INTERNAL MIX) 

427-18-28 STEAM ATOMIZING' (INTERNAL MIX) 

427-18-29 INTERNAL MIX STEAM ATOMIZING NOZZLE 

0 




42/ -18-30" INTERNAL MIX sVeAM ATOMIZING NOZZLE 

427-18-31 , INTERNAL MIX STEAM ATOMIZING NOZZLE ' 
427-18-32 STEAM 0^ AIR aToMIZING BURlJilER (EXTERNAL MIX) 

427-18-33", INFLUENCE OF DRAFT - CASE HISTORY 

- 

18-34 SMOKE - C0„ CHARACTERISTICS 




CONTENT OUTLINE 

CourSB: 427, CcCBbuatlon Evaluation 
Lecture Title: Puel on Burning 
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NOTES 



I . Intro(}ucC^n 

A. Stata the leaeon objectlvee 

B. Introduce fuel burning concepts 

1. State the purpose (production of hot gases) 

2. Discuss desirable features 

a. Burning the fuel completely 

b. Uslog a minimum quantity of air 

c. Discarding the flue gas at a reasonably low 
tenf)erature 

3. State requirements for proper combustion 

a. Fine atomization (vaporization) 

b. Good mixing with air (turbulence) 

c. Continuous source lof ignition (temperature) 

d. Time to complete combustion 

e. No quenching of gases until combustion is complete 
Review and give examples of ifi^rtant fuel properties 

1. Vaporization limits combustion rate 
a. Kerosene 

^ b. No. 6 fuel oil 

2. Contrast chemical and physical behavior of dis-* 
tillate and residual oil droplet 

a. Distillation, thermal, and catalytic cracking 

b. Physical size changes with time 

c. 'Possible residue 

3. Define viscosity, cite variatioYis, and give related 
design exem^laa 

a. No preheating for No. 2 
' b. Preheating to 135^ for atomizing No. 4 

c. Preheatltng tp 185^ for atomiEing No. 5 

d. Preheating to around 210^ for pumping and atom- 
izing No. 6 ^ 

4. Cite exanplee of nozrilr problems caused by foreign 
matter in oil , v 

a* Strainers required in the oil suction and dis- 
charge lines ^ . 
^ b. Small size burners may have flnev|pesh d^rQen\ 
or porous plug type filters 
C4 Some ayatflipi mechanically reduce particl^ s^ 
to allow flow through the pump, filter, and 
noBBle / 
II. Describe furnace aizea, applications, and distinguishing 
features, such as heat release rate and residence time 

A. Domestic or Residential 
1» . i)o. 1 or No. 2 fuel oil, \ to 3 gph 

2. Around^ 40% axoesa air 

3. Sinqple on^off combustion control 
4v Annual noszle Bmintenahce 

B. Coenerclal 
1» Present, as examples, Scotch marine, HRT ^Horizontal 

return fire tube) , and integral furnace water-wall 
boilers 
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2. No. 2, 4, 5, 6 fuel oil, 3 to 100 gph 

3. Around 30% excess air 

4. Standard designed package heaters and boilers 

5. Typically use electric heating of oil 

C. Industrial 

1. Present, as an exanqple, an integral fyrnace 
boiler (D-type) 

I 2, Large special-purpose heaters and boilers 

3. No. 4,5, 6 fuel oil, 70 to 3,500 gph 

4. Around 15% excess air 

D. Utility 

J.. Describe features of radiant boilers with vertical » 
horizontal, and tangcbntial firing. 

2. Sophisticated coinbusmon controls and monitors 

3. Steam production at jhigh efficiency 
, 4. No. 6 fuel oil, 3,500 to 60,000 gph 

5. Around 3% excess air 

III. Describe the design and operational features of example 
burners as related to 

A. Atomization size distribution ' 
1. Rotary cup burner produces large droplets, not 

recomnended because of poor coinbustion features 

B. Fuel and furnace application 

1. High-pressure atomizers for domestic or residential 
applications . 

a. Pressure of 100 psi 

b. No. 3ffuel oil^ \ to 30 gph 

c. Swirl vanes to provide mixing by secondary air 

d. Electrodes provide continuous soyrce of ignition 

2. Low-pressure air atomizers for dcmiestio applications 

a. Oil and air pressure around 3 psi 

b. No. 2 fuel oil, ^ to 6 gph 

c. Tangential air passages for swirl of primary 
air prior to injecting film of oil 

3. Low-pressure air atomizers for commercial ey|pllca- 
tions 

a. Air and oil pressure from 12 to 50 psi . 

b. No. 2, 4, or 5 fuel oil, 5 to 150 gph 

c. Describe tangential swirl nozzles 

d. Describe swirl for secondary air 

4. High-pressure atomizers for connerclal, industrial 
, appllqations 

a. Oil pressure at \^p to 300 psi 
1^. No. 4 or 5"f\v»l oil, up to 200 gph 

5. Hechanlcal atomizer^ for industrial or utility 
applications \^ 

a. Oil pressure 4^0 to 1,000 psi 

b. No. 6 fu#l oil v^rated up to 1,250 gph 

c. Spill-back presi|ure adjustment for modulated 
. firing , 
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steam (or air) atomizers for industrial or utility 
applications 

a. Oil pressure up to 100 psl and steam pressure 
20 to 40,psi greater than oil 
No. 6 fuel oil, rated up to 1,100 gph 
Internal mix, desirable flame 

External mix, not recommended due to hot, short 
flame , / 



^b. 

c. 
d. 



Steam trap required to assure dry steam 



/ 



IV. 



.1 



limit erosion of nozzle 
Factors Influencing Air Pollutants 

A. Present emission factors for fuel oil combustion 

1. Describe variations in particulate emission factors 

a. Vary with fuel type because more ash in heavier 
oils 

b. For No. 6, asphaltine content may burn poorly 
' and varies witfii sulfur content 

2k Describe why emission factor coefficient for SO2 
is larger for residual oil than for distillate 

a. Factor based on oil volufoe rather than weight 
therefore higher density gives higher co- 
efficient 

3. Explain variations in NO^ emission factors 
a* Fuel nitrogen , 

b. Equipment design influences to be presented 
in later lesson 

4. Provide sample ^Iculation of use of emission ^- 
factor . 

a. Point out that S in emission factor for 0.7% 
sulfur fuel is 0.7, not 0.007. 

B. Describe influence of vanadium content in fuel oil 
(also coal) 

1. Deposited in ash on metallic surfaces 

a. Acts as catalyst for conversion of SO2 to SO3 

b. Dew point problems (acid smuts, corrosion) 

c. Low excess air also limits conversion to SO3 
; ^uld acid smut emissions 

d. Some SO3 desirable for electrostatic pre- 
cipitator operation 

Switching to low vanadium fuel may be possible 
Vanadium and sodium form 

a. Sticky, low melting temp ash deposits 

b. Increase fouling of metal surfaces 

c. Corposiva > 
Describe soot blowing ' 

1. Less of soot with oil than with coal 

2. Frequency 

a. Avoid buildup to maintain heat transfer 

b. Keep ash^ from becoming molten (hard to remove) 
G* More frequent with vanadium and sodium in oil 

Describe influence of fuel oil additives 
1. Aluntina^r dolomite, magnesia 

a. Reduce superheater fouling, ash corrosion 



2. 
3. 
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Slide 427-18-32" 

Refer to Student 
Manual , p. 8-16 
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b- May produce high melting point ash deposits 
c. May form refractory sulfates in ash, removed 
in soot blowing 

2. Organometallic compounds of 

a. Transition metals (manganese, iron, nickel, 
and cobalt) 

b. Alkaline-earth metals (barium^ and calcium) 

3. Catalytl?? influences to reduce smoke and particulates 

a, ' Oxidation of soot 

b. Promotion of free radicals which react with spot 
E^. Describe nozzle maintenance 

1. Remove, check for deposits, cracks, wear, plugging 

2. Clean deposits or replace 

3. Frequency depends on installation 

a. Once a shift for industrial and utility boilers 

b. Once a year for residential burners 

4. Poor atomirfation 

a. Changed atomization pattern 

b. Larger droplet sizes 

c. longer flames with increased soot or sl&g ' 

F, Describe continuous ignition requirements 

1, Continuous spark from electrodes in domestic units 

a. 7,000 to 10,000 volt transformer 

b. Proper positioning required in maintenance 

2, Utility and industrial units typical programmed 
sta'rting sequence 

a. Pilot for start-up on gas or distillate oil 

b. Auxiliary fuel during cold start to prevent 
smoke 

c. Modulated burner controls 

d. Safety interlocks 

e* Optical, pressure, or .temp, sensing equipment 

G. Define draft and describe its importance for good 
combustion 

!• Negative pressure difference between furnace or 
stack and ambient 

2. Control required to assure 

a. Velocities (residence time) 

b. Air/fuel mixing 

c. Settling for blown soot 

3. Give example oi^ too much furnace draft 
a. Inadequate residence time 

4., Give example of too low stack draft 

a. Inadequate pressure drop to pull gases across 
convective section 

5. Give exaii?)le of negative draft 

a. Furnace pressure greater than atmospheric 
b- Gases Idak out (rather than in) may cause 
quenching (0PK>Xe) and structural damage due 
overheating 
c* Gasln^ of operating personnel 

6. Introduce the ftPA recommended cp2/8moke adjustment 
procedure to be presented irt later Xesson 
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topic: Film- "Combustion for 
Control of Gaseous 
Pollutants 



COURSE 427, Combustion Evaluation 
LESSON TIME: 30 min. 
PREPARED by: • DATE 

U. Lilleleht Oct. 1978 




v5» 



'4 



Lesson Number 



19 



Lesson Goal: To review and reinforce the ^/tudent's understanding of the funda- 
mental combustion concepts in controlling gaseous pollutants through direct- 
flame or catalytic incineration* and by flares. 



Lesson Objectives: 



At the end of this film the student will be able to: 

list the four items necessary for effecl^^^e disposal of gaseous pollutants 
by combustion; 



give the limit (s) on pollutant concentrations for direct-flame and catalytic 
incinerators and cite reasons for such limit (s); 

■■■■■( ■ ' ■ . ■ 

compare the mkjor advantages and disadvantages of catalytic incinerators 
over direct-flame incinerators; . ^ 

outline the operating principles of a flare; and 

list the conditions under which a flare can be used for dispoiaal of com- 
bustible gases. 

Student Prerequisite Skills; First-level college chetnistry. 
Level of Instruction: Undergraduate engineering or equivalent 

Intended Student Profesisional Backgrounds: Engineers, technical staff > regu- 
latory officials, and others who work in combustion-related areas of air 
pollution control.^ 

» " .1 . . 

Support Materials and Equipment; ^ " ^ 

1. Film— "Combustion for Control of Gaseous Pollutants" 

2. 16-iran soun*^ movie projector with a 12-inch diameter take-up reel. 
Special Instructions: None 



!• Cowbustion Evaluation in Mr Pollution Control s Chapter 13. 
2. APTI CouTM #415 1 Control of Gasaous Emlasions. 



19r2 



1«3 



'V 

1 
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CONTENT OUTLINE 

Course: A21 ) CombuBtion Evaluation 
I m^*.,^^ Titim - Film— "Conibuation for Coptrol 
L9CTUre nne. of Gaaeoua Pollutanf " 




I. 



II. 
III. 



Intrdduction . 

A. Ihis film will aerve as an introduction to the control 
of gaseous pollutants by combustion. It will also be 
a brief refresher for those students who have already 
had Course #415, Control of Ga^M«fl i»aaiifi«« 

B. Ihe film presents the fundamenTljP ctoilcyiJtS' 'dl^ 
flame incineration, catalytic incineration, and flares. 

C. Operating principles a,re explained Schematically, 
followed by illustrations of actual hardware. 

D. The student is also introduced to the concept 6f tsinergy 
conservation through the um of heat recovery. 

'•Cdftfcustion for Control of Gaseous Pollutar^ts" 
Discussion of comments and questions raised by viewers. 



V 
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Film: "Combustion 

for Control of 
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' LESSON 


time: 60 min. 


PREPARED 


BY DATE 


L. U. 


Lilleleht Oct. 1978 
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Lesson Number: 20 , 

Lesson Goals: To proVyJe the s^tudent with an understanding of the combustion 
, techniques availadDle for controlling gaseous and volatile organic pollutants 
aiid- with design bases, for thernpl or catialytic af terburner3 . 

t , . . 

Lesson Objectives: At the end;of this lesson the student will be able 'to: 

cite examples of *^ir pollution sourcea. where ^irect-f lame and catalytic 
af terjjyrners axe used to control gaseous emi^ions; 

describe the influence of temperature on the' residence time requited for 
proper operat.ion of^t^rburners; 



apply fundamental^ c^pmPTlon calculations to determine the auxiliary fuel 
require^d for direcrt-f lai\>e and catalytic incineration with and without 
energy recovery; ^ ^ , ' 



Ic^s o 



f catalytig activity and ways of preventintf 



/ \ 

list t)1rfee reaso.ns fdjt 

sugh ]|oss; and 

cUte methods available for reducing afterburner' operating costs. 




\ 

student Prerequisite ^Skills: Course 427, Lessons 2, 3, 5, 6, 17 X 

it ' ■ ' ' ' ' ^ 

4 Level of Instruction: Undergraduate Engineering or equivalent 

itntzended Student Professional Backgrounds: Engineers, technical sljkff^ r6gu- 
• ' latory officials, and others who wofk^ in combustion-related areas of air 
^ ' pollution control. ^ 

, Support Materials and Equipment: . 

Vl. Slide projector 

i. Slide set for ""litsson 20 . ' ' „ # y ' 



r 



Speclail Instructions: None 
References: 

1. Combustion Evaluation in Air Pollution Control , Chapters 2, 7, 13. 

2. Edwards, J. B. , Combustion — Itxe Formation and Emisslqn of Trace 
Species , Ann Arbor Science Publishers, Ann Arbor, Michigan QA>74). 

3. "Control of Volatile Organic Emissions from Existing Stationary Sources," 
Vol. I, USEPA Report No. EPA-450/2-76-028 (Nov. 1976). 
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LESSON 20: DIRECT FLAME AND CATALYTIC INCINERATION 



427-20-1 CONTROL OF OBJECTIONABLE GASES AND VAPORS 

427-20-2 COMBUSTION EQUIPMENT 



427-20-3 DIRECT FLAME OXIDATION 

427-20-4 - COUPLED EFFECTS OF TQfPERATURE AND TIME ON HYDROCARBON 

OXIDATION RATE • 

-« 

427-20-5 TYPICAL THERMAL AFTERBURNER EFFECTIVENESS FOR HYDROCARBON 

<«i AND CAR^. MONOXIDE MIXTURES 

427-20-6 INDUCED DRAFT FUME INCINERATOR * 

427-20-7 DIRECT-FLAME AFTERBURNER 

427-20-8 CATALYTIC AFTERBURNER SCHEMATIC 

427-20-9 OXIDATION TEMPERATURE 

427-20-10 ^ INDUSTRIAL APPLICATIONS OF CATALYTIC COMBUSTION 

427-20-11 TYPICAL CATALYSTS AND THEIR SUPPORTS 

427-20-12 LOSS OF CATALYST ACTIVITY 

427-i20-13 ^ CATALYTIC INCINERATOR WITH RECYCLE AND HEAT ECONOMIZER 

427-20-14 ' CERAMIC BED REGENERATIVE-TYPE INCINERATOR AND HEAT 

RECOVERY SYSTEM 



20-3 16 7" 




CONTENT OUTLINE 



Course: 421, combustion Evaluation 
/ * TV/^* Direct-Fl«une and 
Lecture nTie. catalytic Incineration 



Ptige. 



of. 



NOTES 



I, Introduction * ^ 

A. State the goals and objectives of this lesson 

B. Outline the need for controlling gaseous and aerosol 
' A wastes 

1. Precursors for atmospheric oxidants 

2- Economics - * 

C. Mention sources of emissions of volatile organic com-^ 
pounda (VOC) 

D. DiscusK.yoC control strategy: 

1. Substitution of solvents 

2. Process and material changes 

3. " Add-on control devices 

♦E. Enumerate VOC control methods: 

1. Absorptlcoi 

2. Adsorption 

3 . Incinerat ion 

a. Therimal 

b. Catalytic 

4 . Chemical conversion 

F. Describe gaseous and aerosol waste incineration equip- 
ment 

II. Direct-Flame and Furnace Incineration 

A. ' Consider the oxidation reaction 

1. Gases at less than 25% LEL ' 

2. Time -temperature relation 

a. For hydrocarbons 

b. For hydrocarbon and carbon monoxide mixtures 

B. ^ Discuss the use of existing process heaters 

1. Requirements for use 

C. Describe thermal incinerarion — afterburners 

1 . Typical design bases : ^ 

a . Temperature — , 200-1 , 500^F 

b. Time — 0.3 to 0.6 sec. 

c. Mixing '(turbulence) ^ 

2. Auxiliary fuel burner 

a. Source of combustion air 
^ • (i) W{ist^ gas 

^ii)* Fresh out^s^.<3e air ^ ^ ^ 

b. Fuel requirement 

(i) Hypothetical available heat calculations 

c. Mixing of combustion products with the waste gases 

(i) Arraiigement of burners 

(ii) Baffles 

(iii) Velocity for good mixing 

3. Furnace chamber design parameters 

a. Velocity of gases 

b. Shape — ' L/D greater than. 2 

c. Material of construction 

(i) Choice dictated by temperature 
III, Catalytic Incineration 



Slide 427-20-1 



.Slide 427-^20-2 
t 

Slide 427-20-3 

Slide 427-20-4 or 
refer to Student 
Manual, p. 13-17. 
Slide 427-20-5 or 
refer to Student 
Manual, p. 13-18. 

Slide 427-20-6 



A, Present principles of operation 



20-4 



Slide 427-20-7 or 
refer to Student 
Manual, p. 13-8, 



Slide 427-20-8 or 
refer to Student 
Manual, p. 13-28, 
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CONTEHT OUTLINE 

Course: 427, Combufltion Evaluation 
I mr^fii^M^ Tiflm- Direct-Flam© and 
Lecture fme, catalytic incineration 



NOTES 



1. Mechanisms of catalytic activity 
a. Reaction at lower temperature 

(i) Compare wiUi furnace incinerators 
(ii) Less auxiliary fuel 
(iii) L,ess expensive materials of construction 
Describe typical oxidation catalysts 



1. 

2. 



IV. 



Materials 

Loss of catalytic activity from: 
a. Poisons 
b* Suppressants 
c. Fouling 
C. Discuss operational requirements 

1. Typical equipment arrangement 

2. Combustibles at less than 25% LEL 

3. No particulates 

4. Hot start-up to avoid carbon deposits 
Methods for/ Reducing Afterburner Operating 
A. .Corteider eliminating or reducing separate' (Umbust ion 

. -air intake 

1. With waste containing 16% or more oxygen 

2. Hypothetical available heat calculations 
Mention the use of heat-recovery devices . . ^ 

3. Reported range of heat recovery 

4. Actual energy savings 

Discuss the burning of combustible waste liquids 
Propose using incinerator exhaust as a source of heated 
Inert^gas for dryers, etc. 



B 



c. 

D. 



2n-s 
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Refer to Student 
Manual, Chapter 2, 
and Lesson No. 5. 
Slides 427-20-9, 
427-20-10. 



Slide 427-20-11 
Slide A27-20-1 2 



Slide 427-20-13 or 
refer to Student 
Manual, p. 13-9. 



Slide A27-20-1A or 
refer to Student 
Manual, p. 13-^10. 
Refer to Student 
Manual f Attach- 
ment' 13-4, p* 13-11 
Refer to Student 
Manual, p. 13-12. 



LESSON PLAN 




TOPIC: Problem Session V: 

Afterburner Design 



COURSE 427, Combustion Evaluation 
LESSON TIME: 45 min. 
PREPARED BY DATE 

L. U. Lilleleht Oct. 1978 
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Lesson Number j 
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Lesson Go«fl: To provide the students with expe^u&nce in calculating the 

auxiliary fuel requirements for an afterburne/ installation and to develop 
an appreciation for the design bases and pitrAmeters. 

Lesson Objectives: At the end of this lessjm/the stqdent will be able to: 

determine auxiliary fuel requirements wl|th separate fresh combustion air 
intake; 

estimate the volumetri/c flow rate of gases through the afterburner at the 
specified incineration temperature; 

determine the dimensions of the afterburner to achieve the necessary level 
of mixing and effluent residence time; and 

f 

perform the above calculations without fresh combustion air intake but 
using instead the oxygen in the contaminated stream for combustion. 

St,udent Prerequisite Skills: Course No. 427, Lessons 2, 3, 17, 19, 20 

Level ot Instruction: Undergraduate engineering or equivalent 

Intended Student Professional Backgrounds: Engineers, technical staff, regu- 
latory officials, and o^ers who work in combustion-related areas of air 
pollution control. 

Support Materials and Equipment: 

- 1. Blackboard and chalk or an overhead projector with transparency 
material and pens* 

t 

2. Workbook for Combustion Evaluation in Air Pollution Control , Chapter V, 



Hand-held calculator or slide rule. 



Special Instructions: A;^sign Problem V.2 for homework. 



References : 



1, Combustion Evaluation in Air Pollution Control, Chao^rs 2 and 13. 
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CONTENT OUTLINE 



<r 



Course 
Lecture Title 



427, CombUBtion Evaluation 
Problem Session V: 
AfterburnQr Design 



sac) 



HOT£S 



I. introductioiT* 

A. Stat^ the goaLs and objectives of this lesson. 

II. Problem V.li Afterburner Design for Meat Smokehouse Effluent 
A Present the problem statement and solution (by instr^ictor) : 
Consider a meat smokehouse discharging 1,000 scfm 4ffluent 
at ISO^F, which needs to be treated to control a very 
low concentration of pollutants at the p^irtsrper-million 
level. TTiis could be accomplished by thermal incinera- 
tion at 1,200^F for at least 0.3 seconds. 
Determine ; 

1. The natural gas required for preheating the con- 
taminated effluent to lr200^F using all fresh 
combustion air intake. 

2. The afterburner throat diameter to give 20 ft/sec 
throat velocity ' for good mixing. 

3. The diameter and the length of the afterburner for 
a minimum L/D ratio of 2 and afterburner chaunber 
velocity of 12 ft/sec. 

B. Present the reasonable assun^tions: 

1. The amount of combustibles in effluent gases is 
very low; there is ne contribution to the heating 
value due to their oxidation. 

2. Effluent gasps have the same thermal properties 
as air, 

3. Intake oHnbuation air is availiible at 60^F. ^ 

C. Choose a basis for calculation. 

D. Determine the mass flow rate of effluent 

E. E8t:^mate the heat required to raise effluent temperature 
to 1,200^F, 

P, Determine the amount of natural gas requirejfiU^ 

G. Compute combustion products and effluent volume at 
1,200Of. 

H. Determine i5tf terburner throat diameter. 
Datenrtine incinerator chamber diameten and length, 

J« ChBck the residence time. c 
K. Discuss other design options: 

1» Reduced auxiliary fuel" by using oxygen from effluent 
stream. 

2. Heat recovery from claan ^^terborner effluent. 
III. Outline procedure for calculating hypothetical available 
heat» 

IV. Problem V,2: Afterburner Design with Combustion Oxygen 
from the Conteuninated Effluent 
A. Assign this problem for homework. 
Present the problem statement t 

Assume that the meat smokehouse effluent in Problem V. 1 

has also the same composition as air (21% by volume 

oxygen) except for the minute concentration of con- 
taminfl^nts. Repeat the calculations of Problem V.l, ^ 
but use the oxygen from the amokehoyse effluent for 
condbustlon of the a^uxiliary fuel as much as possible. 



ERIC 



Refer to Student 

Manualt Refer- 
ence 7-1. 



B. 
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|g CONTENT OUTLINE 

^Course ' combustion Evaluation. \^<^MM^^ 



427, Combustion Evaluation 

Problem Session Vi 
Afterburner Design 



f\jge 1 of^jL 



NOTES 



Determine : 

^1. The hypothetical available heat for this afterburner 
application. 

2. Hie natural gas requirements -and the fraction of 
combustion oxygen available from the effluent. 

3. The afterburner dimensions as In Problem V.I-3. 

C. State other assumptions i A mlxlng-plate type burner 

* (see Attachmsnt 7-6 ) will be use<3l in this application. 
A ring baffle, which was used in Problem V.l, will 
therefore not be necessary to obtain good mixing 
between the auxiliaty fuel combustion products and the 
effluent to be Incinerated. 

D. Outline problem solution 

1. Discuss choice of burner and type of a^erburner 
hardware 

2. Describe how to detezrmlne auxiliary fuel require- 
ments, including the calculation procedures to be 
used for "hypothetical available heat." 

3. Answers to Problem V.2 are to be confirmed during 
the Homework Review pe^od. ^ 



Refer to Student 
Manual , Attach- 
ment 7-6, p. 7- 22. 
Refer to Student 
Manual, Reference 
7-1, and Student 
Workbook, Chapter 
V, ProbljUm V.2. 



21-4 



CHAPTER V 



afterbiTRner design problems 



PROBLEM V.l: 



Afterburner Design for Meat S mokehouse Effluent 

ft 



Consider a meat smokehouse discharging 1,000 scfm effluent at 15 
which needs to be treated to control a very low concentration of 
tants at thp parts-per-million level. This could be accomplished by 
thermal incineration at 1,200^F for at^ least 0.3 seconds. The follow 
Ing are reasonable assumptl^na: 

1. The amount of combustibles in effluent gases is very low; 
there is no contribution to the heating value due to their 
oxidation. 




2. 

3, 



Effluent gases have the same t'hermal properties as air 
Intake combustion air is available at 60^F. 



Determine: 



2. 



The natural gas requiV^d for preheating the contaminated 
effluent to 1,200^F using all fresh combustion air intake. 

'fhe afterburner 'throat diameter to give 2(f ft/sec throat 
velocity for good mixing. 



3. Ttie diameter and the length of the afterburner for a minimum 
I4/P ratio of 2 and afterburner chamber velocity rof 12 ft/sec. 
Afterburner ^ 
Schematic t Clean Plue Gases at 1,200"F 



Waste Affluent 
1,000 scfm 
at 150^F 




Natural Gas, G 



gas 



Combustion Air, Gjiir 



(V-1) 



Soluti on to Problem V.l < 

Choose as a basis for calculation: 

/ 

1 hour operation 
Part 1. ' 

H. Calculate wasjf.e effluent flow rate, m (Ib/hr) ^ 
■ • 

m a Xvpluine f low ratej (densitY) 

Since assumed effluent to have properties of air, density from Attach-- 
mont 2-1, p. 2-23 of the Student Manual, 



m 



(1,000 scfm) (0.0766 Ib/scf) (60 niin/hr) « 4,600 Ib/hr ^ 



b- Calculate the heat required to increase the effluent waste stream 

temperature from ISO^F to 1,200^F, allowing for .10% loss (i.e., multiply 
by 1.10) : 

Q = 1 . 10 m Ah . * 

Enthalpy difference, » Ah , obtained by using Attachment 2-7, p. 2'-29 
of the Student Manual: 

^ . \ '\ ■ . r 

Enthalpy of air at 1,200^F is: 288.5 Btu/lb 
. ■ ■ 

Enthalpy of air at 150°F is: 21.6 Btu/lb 



Therefore, Ah -266.9 Btu/lb 



Therefore, . >^ . ' " . 

' \ . ■ 

. s 

" ' ' ft 

Q = (1.10) (4,600 Ib/hr) (266.9 Btu/lb) = 1.35 x 10 Btu/hr. 



(V-2) ' ^ 
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c. Available heat from rtatpral m^m, 0;^ (Bfu/BCf) 

f 

Assume: (Irosa heatinqf valuo of natural qa^: - l,0'/» Htu/acf 

Hie^^retical trombustion air ^ ' 10.0 scf ciir/scf qa» 

Combustion products = 1.1-1 scf /scf gas. 

From Attachment 2-9, p- 2-31 of the Student Manual, obtain for 1,200^F 
flue gas temperature: 

^ QjV =^ 690 Btu/sGf 



(Ttiis is the amount of heat remaining after the combustion products 
from 1 scf of gas are raised to the afterburner temperature. This 
heat is then available for heating the waste effluent to the same 
afterburner ten^erature. ) 



d. Natural gas needed, ^gas ^^^^^ • 

G ^ (1.35^x 10^ Btu/hr)/(690 Btu/scf gas) ^ 1,960 scf gas/hr 
gas 



Part 2. 

. . . . . r 

a. Volume of combvistion products at 1,200^F, Gp (ftVsec) : 

Gp ^ (1,960 scf gas/hr) (11.0 scf prod/scf gas) (460 + l,200,°R)/(460 + 60, °R) 
- 68,800 ft ^/hr 19.1 ftVsec. ^ 

. ' ' ' 

b. Volume of waste effluent at 1,200°F, Gg (ftVsec) 
V Gj, -= (1,000 scfni)f4eo + 1 , 200,°R)/ (460 + 60, '^R) 



3; 190 ftVmin » 53.2 ftVsec. 



c. Total volumetric flow of gases to the afterburner chamber through the 
throat: : ^ . 

Sot S S 19.1 + 53.2 = 72.3 ftVsec 

(V-3) 



ji. A|totLurner tihioat. aroa A^j^^.^^^^ wil'^'/A 
Throat diameter d ^ ^^^^hroat/" ^ ^ 
. Now the velocity throuqh t\)e thiroat is: 



^throat ^ ^'tot/^throat 

Combining Equations (A) and (B) above to eliminate the throat area 
and solving for throat diiauneter, d : 



L ^ ^throat J- 



FoT required throat velocity of 20 ft/sec: 
. ..d = 1^(4/10 (72\3 ft^/sec) / (20 ft/sec)j ^ = 2.15 ft 

lPart_i.- ' • * . . 

Afterburner chamber' velocity specified at 12 ft/sec. Thus chamber dia- 
meter, D, obtained from Equation (C) above' with V^j^^^^^^ replaced by 
Vchamber = 12 ft/sec 



D = 



j^(4/7T) (72.3 ft^/sec) / (12 ft/sec^j ^ - 2.77 ft 



Length of afterburner chamber (L/D >! 2) 

Minimum L - 2D = (2). (2. 77) = 5.54 ft 

7 

» 

Check residence time, t 



t = L/V^hamber " (5-54^ ft) / (12 ft/sec) - 0.46 sec ^ . 



Since t. = 0*46 sec is greater than the minimum required residence 
time of ^ 0-30 sec, the above design is satisfactory. ^ 



■ 



Note: Natural gas requirements can bcs i:educo<5 by: , 

(i) heat recovery from clean qases to preheat incoming 
waste effluent, and 

(ii) using oxygon from tlie wast© ^^tj^ent stream for 

combustion, -thereby reducing primary air require- 
ments for the auxiliary fuel. 

w 

This latter option is illustrated in rroblem V.2. 

* r 



(V-5) 
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PRdBLEMV. 2: Afterburner Design wltfe combuation Cb c ygen from the • 
.Contaminat ed EfflQent 

- ■ ■ — I* 

Assume that Jbhe meat smokehouse effluent in Problem V.l has also the 
same compqaition as air .(21% by volume oxygen) except, for the minute 
concentration of C9ntaminants. Repejit .th^ calculations of Problem \r.l, 
but use the oxygen *flom the si\)Okelnouse effluent for combustion of , the 
auxiliary fuel as mCich as possible. 

Reasonable assumptions are: a mixing-plate type btirner (see Attach- 
ment" 7-6) -w^ll be iise4. in this application j' A ring baffle, which was 
used -in Problem V.l, v/iH .therefore not be necessary to obtain good . 
irixing between ?he auxi<^iary-f\jei: cjpmbustionyproducts an^, the effluent 
to ,be Aincinerated. j' 7 / ' . • 

D etermine i ">V;.,^-\ . • / 

1. The hypo^eti'^:aL'1ty^lable heat for this afterbirmer appliVj^ation. 

2. The natural ^as i^e^&n^ntS and tie" fraction ^f combustion oxy- 
gen availcible from ^^^jfe^^^-^^"^ ' * - 

3. The af tfr buffer. dLB^^ohs as in*. Problem 'C', 1-3 . . 

■ - ' \ \ ■ - 

• ■ . • ■■ ■ . 

Solution to Problem . ^ ' ► 

I - 7 - ^ , ' f \ ^ 

' * • ■ ■ ^ -"T^r , • 

• • • - . • V ' . 

Preliminary Notes on Hypothetical Avalljwi'e H^fat* Calculations : 

Xet X fraction' of theoretical air foi? bilrni'r^g auxiliary fuel entering 
throutfh the burner (primary or fresh, intake air.) • 

1 - X ^ fraction of theoretical air from waste effLue^it. • ^ - ■ 



^vC^'ATV^ (0.24 Bttj/lt- F) .(T-60>OF) 



W * weight "of combustion air from ef^fluent 



-if"'- 



■ (v-6)-. ■ I7»9 



* 



Hg lie'at content (enthalpy) of effluent at ;finiaT temperature 



(A) 



4 



Heat content, Q , of that combustion air at final afterburner temperature 



(C) 



V Since this 2Uiiount of heat, Q , is no longer needed to heat up fresh intake 
♦ (primary) air, it will be availaODle to heat the rest of the contauninated 
effluent. Thus we have a "hyp©theti.cal" avail abl^ heat, • 




where 



Qp^ obtained from sources such as Attachment 2-9, p. 2-31 of 
the Student Manual 



(D) 



(E) 



p = /).0766 lb air/scf ^ 

=» 10.0 scf air/scf natural gas burned (typically) 



E 



^calculated from Equation (A) 



For a natural gas with 1,059 Btu/scf gross 'heating value and the* above ^, . 
bulkrning ch2u:act^ristJ.cs, the hypothetical available heat as a function 
of the afterburrief temperature is: . ^ ^ 



\ Afterburner Temperature 

Op . 



Hypothetic^ Available Heat 
/ Btu/scf gas 



600 
800 
1,000 
1,200 
1,400 
1,600 ^ 
1,8Q0 • 



8^»< + 100 


(1 


- X) 


.785 + 136 


(1 


- X) 


740 + 1*73 


(1 


- X) 


690 +210 


(1 


- X) 


' 645 + 246 




- X) 


*600 +283 


(1 




550 + 320 


(1 


- X) 



(V-7). 
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Assume first that no primary air is needed, i.e. X - 0, .\nd all combv*5lion 
air comes from the w^^ste effluent. Tills needs to be checked; if assump- 
tion is not justified, adjust value of X and qo throu^jh the calculations 
again. 

Hyix^thei ical available heat fd>i: T = 1,200*^?: 



g - 690 + 210" (l^-,0) - 900 . Btu/scf gas 
A ' ^- 



Part^^J^. 

' Auxiliary natural gas fuelSieedod 

G„^,. = (Heat to raise effluent to 1,200°F)/q' 

- (1.35 X 10^^ Btu/hr)/|t 900 Bt>u/scf gas) 
= 1 , 500 scf gas/hr • 

'llieoretical air needed to burn auxiiiary gas: 

^air " ^^gas^ ^^Th^ 

% • . . * 

o 

* = ( ^V^QQ sc^ gas/hr) (p.O scf air/^cf gas)/ (60 mln/hr) 

- 250 scfm air. 



Compare the above G^^^j- with "volumetric flow rate of wasie effluent (which 
is equivalent to air): 



• 1 



1 



^ If G^.^ < G ^ , then assumed value of X >riustified and proceed 

. air effluent ^ 

to next part. ^ . , . r 

r 

r 

If 9air ^ ^^^-ffluent ' then adjust X accordingly and repeat alcove 
calculations. y ^ , ' ' 

* . (V-8) . % . 

■ ■ . ■ ■ ■ # • 

• * ■ "'18;- ■ ' • 




— ^ ■ -^.j •••••'.,.l±. ...1. 



Part J . * 

Auxiliary I'uol combustion products 2^ 1 , 200*-*F , 

*^'p ^^qas gas/hr) (11.0 scf prod./scf gas) (460 + 1200) / (460 + (, 

52,G70 ft^/hr 



^^•^ ftVsec 



Waste effluent "volume at 1,200°F, , after removing portion already, 
accounted for in auxiliary fuel burning: 



" , 460 + 1,200 , 1 ""i" 



G' ^ (1,000 -G. ). i-^^±Lm,) -L^. = 39-9 ft3/soc 
K 460 > 60 60 sec 

w 

Total volumetric flow to afterburner: ^ 



I 



^ - G + Gp 
tot p E 



< 14.6 + 39.9., = 54.5 ■ ftVsec. - ^ 



Afterburner (Chamber Diameteir (Equation C from Problem V.l) : 

D = r(4/'rT) (g' ) / (12 ft/sec )"T'' » 2.4d ft. 
L. tot -J , 

Afterburner length: 



2D - (2) ( 2-40 'J . 4.80 . 



Residence time (Equation (E) from Problem V,l): 

^. ^/^chamber ' < 4. 80 ft) / (ic ft/sec) - ^'^^ sec 

>_ 0.3; hence O.K. 



(V-9) 
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TOPIC: 



Coal Burning 



COURSE 427, Combustion Evaluation 
LESSON TIME; 105 min. 

PREPARED BY: -^v DATE 

F. A. lachetta } Aug. 1978 
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Lesson Number: 22 

{jesson Goal: The goal of this lesson is to provide the student with state-of- 
the-art, information about coal combustion design and practice. 

Lesson dbjectives: At the end of this lesson the student will be able to; j 

describe the design characteristics and operating practice of co^l- 
burning equijMnent, including overfeed, underfeed, and spreader » 
stokers, as well as pulverized and cyclone furnaces? 

discuss the parameters that influence the design of overf ire and 
underfire air^ (in systems which burn coal on grates) and for primary 
and secondary ai,r (in systems which bu?rn coal in suspension) ; 

. describe this influence on the amount of volatile matter and fixed 
carbon in the coal on ,its proper firing in a given furnace design? 
and ^ * 

describe how changing the ash content and the heating value of coal 
can influence the combustion as well as the capacity of a specified 
steam generator. 



Student Prerequisite Skills: Course 427, Lessons 6, 9, 15, and 16^ 

LeV^l of Instruction: Undergraduate ei(gineering or .equivalent . 

Intended Student Professional Backgrounds: Engineers, technical staff , regu- 
latory officials, and others who work in combustion-related ateas of air 
pollution control. 

Support Materi^s and Equipment': " ' iff 

1. Slide projectb?: * . - 



2. Slide set for Lesson 22. . 
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Introduction 

A. State the lesson objectives 

B. Introduce Coal Rank 

1. Note classification based on ASTM D-388 

2. Point out that moisture is tabulated as natural coal- 
deam moisture, not the moisture which may be absorbed 
during handling 

C. Mention the importance of coal resources and sulfur 
content 

•1. Point out reserves are estimates which consider the 
present technology and economicx3 
2. Note coal reserves represent ten times the estiVwited 
energy reserves of oil, ga% .oil-shale, and nuclear 
fuel. 

D. Discuss the availability of bituminous coals in terms 
of sulfur content and source- 

1. Note that a modern coal-burning generating station 
requires 3.5 to 5,0 million tons of coal per year 
per 1,000 MWe, depending on vrtiether Eastern or 
Western coal is burned. \ 

2. ' Point out a 1,000 MWe output requires between 93 

and 140 eoal car loads per day using modern 100- ton 
cars. 

3. Illustrate the air-land pollution interaction repr^^ 
sen ted by ash. * . 

Coal Properties and Their Influence on Furnace Design 
A. Ultimate and proximate analysis 

1. Remind studeiit?. that ultimate analysis 
is a mass bad i.i?' chemical analysis 

a. Point Qcit ;tt8h contains all nonconibustibles and 
is usually composed .of 50% or more of silica 

b. Emphasize use of ultimate analysis to compute 
air J^uired. 

Note thl^pgnific2mce of proximate analysis in terms 
o^^Journing characteristics 

a. Point out residence- time dependency on fixed 
carbon 

b. Explain the influence of volatile matter in the 
design for air distribution because x>f volati- 
li;^atlon , 

c/ Discuss the fixed carbon/volatile matter influ- 
ence on stoker overfire and tmderfire air 
Outline the problems of a furnace which burns 
coal having less heating value and higher mois- 
ture cqntent than as3umed in the design. 
Discuss the influence of moisture and volatile 
matter on pt^rerlzer operations, 
content ^ 
Note that SOx emission is' diri*tftlj£ attributable to 
presence of sulfur in coal 

Aiicount fo^ sulfur in bottom aslir noting about 95% 
of sulfur usually appears in the stack gases as SO2 ^ 
Emphasize influence of sulfur on ash-fusion tempera- 
ture . % . 

■ , ^ 18t; 



2. 



d. 



Sulfur 
1. 



3. 
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4. Discuss coal ' s spontaneous Ignition behavior and 

the Influence sulfur has on it. 
Ash content and fusion temperature 

1. Discuss the effect of ash content on the design of 
underflre air supply to stoker-grate units 

a» Point out bed-depth air-flow resistance • 
b. Note that continuous-discharge grate drives 
require ash content to stay in a given range 

2. Use emission factoJ^ information to Illustrate par- 



t^ii::ulate emissions as a function of ash 

a. Note the effect of fly ash re-injection 

b, PoiaKout that the computation is based , on the 

% ashAe.g., 10% ash gives uncontrolled emission 
from stokers 




130 lbs/ton 



a« 
b. 



III. 



}ion t>tt]j\ger^ure 
Discuss /range needed to avoid "clinkers" or slag 
Note th^ neiad to have a temperature high enough 
to permit particle "freeze" while gas is entrained, 
c. OutllniB the tempera ture-.vlscoslty range required 
for cyclone ahd wet-bottom furnaces. x 
Coal Firing Arrangements 
A. Explain methods of stoking 

1, Point out that the overfeed principle is' essentially 
the mechanization of a man shovelling coal cJver a 
^ hearth onto a grate-supported fuel bed- 

a. Note the variety of stokers using the overfeed 
principle 

(1) Chain or travelling grates 
(11) Vibrating grate / ^ ^ 

b. Discuss the use of sectionallzed wind boxes under 
the grates. 

c. Point out need to vary underjfire air pressure 
from con^artment to compartment 

d- Describe the location of overf itct,) air jets rela- 
tive to "green^^coal. 
Discuss the underfeed-stoker operating principle 

a. Note that j:he method requires little or no bver- 
fire air since volatiles must pass through the 
burning bed 

b. Illustrate the mechanical design provisions 
to help deal with a high caking-lndex problem 

Outline suspension burning principple: the combustion 
of a highly f luidized solid 

/I, Note that high fixed carbon requires either longer 
residence time or a finer grind ,of coal. 
Explain air distribution noting the use of pri- 
mary air to transport coal. . ^ . 
Point out there is an option to introduce ,secon-' \ 
dary air either at the burner or elsewhere. V 



b. 



c. 
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d. Discuss the effects of ash content and wet 
versus dry bottom on particulate emissions. 

4. Describe spreader stoker as a way to combine the 
suspension and overfeed principles \ 

a. Note the influence of feed coal size consist 
on dust loading 

b. Pfiint out the usual size: 1 to 1^ inches 

nut and slAckr less than 20% fines with an ash 
content of less than 10% 

c. Give boiler steaming-capacity range up to 
400^000 Ibs/hr 

d. Note the pse of either dump or continuous ash 
discharge grates and problems with dump type 

5. Discuss the cyclone furnace. Not>e it is a hori- 
sjontalr cylindrical, water-cooled furnace. 

a. Note that coal is crushed so that 95% of it 
passes through a No. 4 screen 

b. Explain the conversion of coal to slag and pay 
particular attention to the importance of ash 
fusion temperatures 

c. Point out lower particulate loading and higher 
NOj^ relative to other coal burning units 

B. Burner Location 

1. Explain all grat<J-burning systems 

2. Discuss various pulverizer arrangements, including: 

a. Front-fired units 

b. Front- and back-fired units 

c. Corner-fired units 

3. Compare cyclone furnace location with other burner 
systems 

4. Discuss load variations which can be tolerated by 
different burning arrangements 

a. Point oat single pulverizer turn-down ratio may 
be 3 or less ' 

b. Note that spreader stoker's tend to smoke when 
operated at 25% of design or less. 

C. Define volumetric energy release rate and discuss coal 
feed rates for each type of feeder 

1. Emphasise single underfeed stoker applications 
usually are limited in size and produce 25,000 to 
30,000 Ibs/hr steaAi generatiori 

a. NotA the need for aah fusion temperature above 
2,400^ and minimal fines in the coal 

b. Note tbe grate criteria of 400,000 Btu/ft2hr 
with waterwall or 300,000 Btu/ft^hr if refractory 
walls 

2. ^ Chaih-grate stoker firing ^jate ranges from 300,000 

to 500,000 Btu/ft2hr 

a. Point out that the higher va[lue applies to coa^l 
having low ash (5 to 12%) and low moisture (less 
than 19% moisture) syid that the lower value 
corresponds to 20% moisture, with 3 to 20% ash 
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Discuss the influences of travelling or dump grates 
on the firing rate for spreader stokers 

a. 400,000 Btu/ft^ht maximum for dump grates and 
up to 750,000 Btu/ft2hr for travelling^grates 

b. Note the value in either gase assumes an ash 
content of less than 10% and at least medium 
volatile coal 

c. Explain that a response-time advantage can be 
gained by using a thin fuel bed (i-4 inches) • 

Point out the water-cooled grate feature of vibrat- 
ing grates 

a. Note the maximuAi release rate of 400,000 Btu/ft2hr 

5. Discuss the differing criteria which give rise to a 
fuel rate based on 450,000 to 800,00,0 Btu/hr ft^ 

in a cyclone furnace. 

a. Remind students that a dry-basis aeh content 
between 6 and 25% is desirable • 

b. ^ Indicate the need for low-sulfur coal 

6. Discuss pulverized coal burner energy rates up to - 
165 X 10^ Btu/hr 

a. Point out the need for high volatility coal 

b. Note dependence of fineness on ASTM fixed 
carbon rank (70 to 80% passing 200 mesh screen 
with fixed carbon 69 to 86% respectively> 

Requirements and Distribution r • 

Total combustion air 

1. Show computation of stoichiometric air using equa- 
tion 9.1, p. 9-6, Student Manual: 



11.53C + 34:34 (H2 - ^ ) + 4.29S 



^ge. 



of. 



a. Note that C, H2, S are precent-by-weight of 
thes^ elements as given in the ultimate analysis. 

b. Point out that the analysis used should be con- 
verted to an "as fired" condition 



c. Explain the (H2 



) term is "free" hydrogen 



" ?1 
B 

and point out tihat this term. assumes that all 
the O2 in coal is combined with H2 to form water. 

2. Note that the excess air is a percentage of the 
stoichiometric air 

Air distribution 

1. Explain how air distribution depends on the burning 
equipment and the coal rank 

2. Ascribe overfire air versus undergrate air for 

8toker tinits 

a. Uote the overfi3?e air is usually provided by a 
separate forced draft in the ranCfe of 20 to 30 
inches of water cbluJnn* 
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b. Point out that the usual place of introduction 
coincides with where the "green" coal enters 
the furnace. 

c. Note that overfire air ranges from 5-15% with 
the larger figure used with higher volatility 
coals. h.''^ 

Describe the cyclone furnace air distribution indi- 
cating the three distinct divisions: 

a. Primary air is introduced into the radial burner 
with coal, 20%. 

b. Secondary air is introduced tangentially at 
periphery of main barrel with a 300 fps velocity 

c. Up to 5% can be admitted at the center of the 
radial burner 

d. '"|llote that the total air includes from 10 to 15% 
excess air. 

Describe the air flow for pulvel^4**^d-f ired coal 
nozzles. * 

a. Note that primary air, which also transports the 
coal, is used at a rate of about 2 lb air per 

• lb of coal. 

b. Note that the air velocity ranges from 4, 000. to 
5,000 fpm with a 3,000 fpm minimum. 

c. Indicate that secondary air m<jy be introduced 
at the burner and can be as high- 600^F in 
temperature. . 

d. Describe the need to operate the igniters con- 
tinuously because of reduced furnace temperature, 
wet coal, or when volatile matter is less than 
25%. 

Instrumentation and Operator Practices 

A. Plant instrumentation 

1. Note that the degree of sophistj^ation depends at 
least in part on plant size and function. 

2. Point out that the baQic instrumentation is designed 
to assure safe, economic operation. 

3. Describe instrumentation needed to provide measure- 
ments of the following factors: 

a. Air flow at veurious points 

b. Fuel flow 

c. St6am flow, wli^re applicable 

d. Gas flowfc, where applicable 

e. Flue' g»e CX)2 or <l2 content 

f. Smoke opacity meter* 

g. Forced air, induced air, and furnace draft 
h* Overfire air pressure 

B. Operator practices - 
X. Describe the. use of flue gas .CO2 or O2 mete 

operator aid. 

a. Note that the ,02 meter is very useful if the 
system buims multiple fuel* 
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2. Point out the importance of ash content as a pre- 
cursor of particulate emission. 

3. Show that the size consist of coal supplied to 
stokers can sharply influence dust loading. 

4. fJote the importance of not overloading a unit. 

5. Show the efficiency benefit which results from 
operating with minimum excess air. 

6. Describe the importance of good maintenance in 
limiting air infiltration^ 
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Lesson Number: 
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Lesson Goal: The goal of this lesson is to inform the student about the state- 
of-the-art of solid waste And wood wagte combustion and air pollution con- 
trol. 

Lesson Objectives: At the end of this lesson the student will be able to: 

list 'tTfe in^rtant similarities and differences in physical and chemical 
properties of solid waste, wood waste, and coal; 

describe the mechanical configurations, required for complete combustion 
of solid waste and wood waste and compare with those for burning 
coal; and 

describe the unique combusli^o^^ characteristics and emissions from burn- 
ing unprepared solid waste arid refuse-derived fuel. 



Student Prerequisite Skills: 427 Cour^^ Lessons 6, 9, 15, 16, and 22. 

Level of Instruction: Undergraduate engineering or equivalent ^ 

. - " , ^ \; 

Intende>3' Student Professional Backgrounds: Engineers, technical staff , regu- 
latory officials, and others who work in conibust ion-related areas of a^r 
- pollution control. 



Support Materials and Equipment: 1 j, 

1. Slide projector ^ ■ >, 

• ■ *• - ■ . 

2. Slide set for Lesson 23. 

... ^ ^ ■ . * 

> _ . - ^ 

Special Xpstructions : None ' ' • \. 

References: • ' ■ ' 

1* ♦Combustion Evaluation in Air Pollution Control, Chapter 10* ^ 
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2. Adams, T. N. , "Mechanism^ of Particle Entr^imnent and Combustion . and 
How They Affect Emissions from Wood-Wasue Firecl Boilers," Bcoceediogs ojf 1976 
National Wagte Processing Conference , ASnJE, pp. 175-184 (May 1976). 

3. Shannon, L. J., Fiscus, D. K. , and Gormpn, P. G. , "St. Louis Refuse 
Processing Plants" Publication No. EPA-650/2-75^044 . 

4. Shannon, L. J., Shrag, M. P., Honea, F. I., and Bendersky, D. , ''St. 
Louis/Union Electric Refuse Firing Demonstration Air Pollution Test Report," 

• Publication No. EPA-650/2-74-073 . • 
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Introduction 

A. State th« l#saon objeotivaa 

Announo^ that thia laaaon ia primarily concerned with 
the coiiA>uation of municipal solid waste and wood wastea. 
Nunidlpal inoineratore (50 iVday or larger) and wood 
fired boi]tera will be discuased. 
1. Discuss the coaq^sition ts^f wxmleipal waate to 
illuatrate the variety of oonponentm^^.^ 
aV Ultinate analyais of waste including required 
air conputatXbns 
■ b. Combustion character iatica of wood and municipa l 
" aolid wastes are aimilar becauae tounlcij^i waste 

contains a high percentage of paper and wood 
(apprpxlmately 45 - 50% as received) / 
After, metals and glass are rMoved from municipal 
waste, the analysis on ^ moii/ture-free baais.is 
yery similar to wood waste I 
Mon-flow characteristic of municipal waste 



o. 



d. 



usually requit^ m^ohapically induced 



J 



tumbling. * 

m. Hogged fuel exhil^its same non-flow characterise 
^ tic (note sheer face evident in Slide 427-23-4). 
f. Pulp and paper plants, include waste-water clari- 
fier aludge in hogged fuel. ^ ^ 

Discuss the slmilarities^f the combustibility char- 
acteristics of wood hogged* f^iel and solid waste, 
a.. Proximate SnaXyei« . (motsture-free) eiqphasises 
the low ashr highly volatile characteristics of 
wood. ' ' ' . ' • ' 

Ultimate anali^sis indioatfs total carbon content 
contrasts With low fixed cartoon. The implication 
is that the carbon le larg*lyn:led up in volatile\^ 
matter hydrocarbon. i 
Low ash content 6f wo<^ and Itdgge^f fuels means \ 
grates wuat be cooled by ^ir or ^ater when notj 
oovere<\ by a de#p fuel bed. (D«toh oven designs 
provide an exan^e using a deep fuel bed.) 
Puttl pattiqle «ilie dietrlbution is la|>ortant 
because [particles with diametera of* 1 tm can be 
' entralited by furnace gases. Wood deijait^ is 
uaually 0.1 to 0.5 qm/oo^ /, 
Retfi^enoe time in wood end waste boilers are in 
the range o^ tp 4.5 eeconde (compared to 1 to 
2 meconds in qoal-f ired units) . ^le residence 
tipe ie inedtquate to assure burnout of larger 
particlea Whidh ere entrained ^41)^^ ' 
wood and wqjpd waetn heating values are aimilar 
to thoM Qt munlolp«l solid west^ ^Kmvonents. 
Ituniblp«l Xnoinerstorli 

h. note that WHinioljpal i>^olneratofm have been designed pri- 
swtrily W burn wes^M m a mpens of disposal rather then 
as satrgy reoovmry devloea* This praptlo^ is changing 
. to t«lt# advantage of the favora|ble ec^ndKlos of energy ' 
utilisation^ . i^' 

^ aa-i ■ — ^ 



b. 



c. 



d. 



if. 
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Discusd why general design conBiderat>lons do not now 
result in a reasonably fixed "state of the art," 
1, Resent design features of refractory walled inci- 
nerators with no energy recovery provisions: 
a. Customarily with a primary and secondary combus- 
tion chamber. s 
Sloping ifront and rear arches to provide ifadlant 
energy transfer to the surface^f the fuel oi 
the grates. ' * 

High excess air (300 to 400%) to hold tert^era- 
tures within a range tolerable for refractory 
maTieriais. 



b. 



1. 



a wic 
2 tlAalue 



Describe batch-fired units which have a time variable 
hirnace tenqperature which can fluctuate between 1,000 
and 2,000Of/ 

3. State that modem incinerators are designed to , 
recover energy. 
^ a. Water-walled furnaces allow firing with 50% 

excess air. ' 

b. Continuous fee* of combustibles is desirable 
1 rather than batch feed. 

' 4. Describe a variety of firing arrangements, eMch with 

a particular means of agitating and tumbling wastes: . 
a. Chain-grate units adapted from? coal burning 
technology but not arranged in sections which 
cai^se wastes to tuxnble. 
f b. R4ciprocating grates which permit alternate roi« 
ol grate segments, to move. ^ (Note use of air^ * 
cooled wallJB^) 

c. Reverse reciprocating grates are used to tuitiKle 
Y ' waste back up a gentle ^s lope. ^ Allows « wir 
' to- length ratio of 1:^, coippaW to a 

for roost/ other systems'* 

d. Barrel grates slowly twnble waste to 
J througl^ the fulrnace. 

e. Air-sw^pt nozzles serve as# spreader 
.distributp fuel over a t;ravelling 

grate, Sindlfkr nozzles are einploy 
. waste, and hogged-fuel-fir^ boile 
III. General Design l^arameter? for Solid Wafete ajnJ^Wood Waste- 
Fired Boilers / y / 

A. Consider anetgy release rates. v 
1. Give grijte^firing energy rates applicable to mass 

bxirners. ^ 

a. 400I000 Btn/hi^/ft^ for batdh^eeding 

b. 300,000 p^/hr/ft2 fpr cont Vinous (moving) feed 

' , 2* Present vpluwetric energy release rates (about 

20,OOOjBWft ) rfesidence^ime of ^ to 4 second^ 
Ulependkng on i^aed machamism. 

B. Describe ctombust^on tdir design pjfcrameters 
Refra^toty-wlilled furnaces /equir«> 200 to 400% excess 



mat;erial 



okers to 
p-.type 
in wood- 



air. 
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Temperatures required are limited hy refractory 
Wall material (usually calcium silicate brick) . 
Cast .iron air-cooled wall sections reduce excess 

about 150%. 



3*» 



air requirei^pfiEs*' to 
Note that the high volatile matter of wood or splid 
waste requires a high percentage of over-^fire air. 
Describe the use an arch close to the grate, 
near the end, to nsure better burn-out?" notice that 
the drying zone requires the greatest under-fire air 
pressure. > 

a. Note: Drying zone with low Jurnace arch arrange- 
ment is evident in the Navy Yard boiler shown 
in g Hda ^?7->?^^Q ^rr?h nt. the bur"-Qut: 



IV. 



end of grate is evident in the Harrisburg inci- 
nerator, slide 427-23-18. Harrisburg also uses 
the reverse reciprocating grata sljown earlier 
in Slicfe 427-23-13. j 

4. Note that dutch oven furnace designs usuAlly Require 
primary air supplies both under anji ov^r Jfire, with^"^ 

^ . additional secondary air added close to furnaj^e 
aperture. 

5. Point out that fuel cell concept employed for wood 
burning is essentially a lijodif ication of tMfe primaty- 
sepon^dary zone concept used in solid waste incinera- 
tors 

6. Note the usia of inclined water-cooled grates to pro- 
vide several in^royements for fuel feed and vola- 
tizationr ' ^ / 

a. Steepness of input region ensures flow; it assures 
a relatively thin drying zone ^n an uncooled .re- 
fractory section. ^ • - 

b. dosser slope nea't discharge provides for ash 
4[ccumulationr but also gives somdwhat higher 
teiqperature bed (thickness of ash insulates) 
for better bqm-out of larger material. 

^7. Notice air-swept spreader-^stoker units closely re- 
semble coal-*-f ired boilers. »^ 
Consider co-firing prepared solid waste .with t>tf4er fuels 

A. Describe the processing necessary to remove metal, glass, 
and other no^-conibustlbles . 
1. Discuss the shredding opera t^n. 

\ 2^ Note tl>e «>iparation of a "IJraht" and heavy fraction. 
3. Describe various methods for storage including 
* rprepared pellets or briquettes. 

B. Discuss methods of firing 
1. Describe suspension burning with coal or oil. (Note 

energy input range of 10 to 20% of total) 
2i DMorib# ui|e of - briquette- form waste fired witl) coal 
in underfeed stokers. 

Note the problems associated with firing pelletj^ed 
waste with coarl'on cftain- or tifevelflng-grate stokers « 
DlsouM oo-*f irii^9 systems where air-*swept spreaders 
fire wa«t# as the main fuel^ gas or oil may be i&sed 
M a secondary Ifuel. 

23-6 ^ 
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c. 



Outline th« probleoM which arise from co-firing waste 
with coal in units drigln/iliy <)6signed only for codl. 

1. Note the decreased precipitator efficiency. 

2. Discuss the increase in total stack gas flow; this 
ii^a probflJ^le cause fox reduced ESP perfonnanbe. 

3. No\e the detrimental corrosive effect of hi^h 
moisture stack gases, caused by high-moisture con- 
tent of wajBte. 

4. Note ^a^ alterations of stack ga8,.(io response to 
higher moisture) can be an adverise influence on ESP 
performance . 

5. Point out that the redjiced marketaliilil^ q£ fly-ash 



traali remaining in it. 
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Lesson Number: 



24 



Lesson Goal: The goal of this lesson i^ to provide the computational metho- 
dology used in evaluating selected combiistion system problems. ^ . 



io,. 



Lesson Ctojectives': At tne end of this lesson the student will be able to: 

compute * the ^ rate of enercfy^ (delivered to a boiler, superheater, or econo- 
mizer; ' ^ . I ' 

^ compute the fuel requirements for a cfiven combustion, system; 

compute the savings, resulting from reduced flue gas losses iirtilch occur 
^when a combustion unit" is modified to provide a reduction in the eunount 
•of exc)88S hir.. ' ^ 

Student Prerequisite Skills: Course 427; Lessons 6 through 23. 

Level of Instruction: Undergraduate engineering or equivalent • ^ , 

Intended Student Prof essiofteiil Backgrounds: En9ineers» technical staff, regu- 
latory officials ^ and others who wprk in combustion^^related areasi of air 
pollution control . / » 

Support Materials and Equipment: - ' ^ . 

1. Workbook fox: Co«ibustion Evaluation in Air Pollution Control, Chapter VI. 



2. Chalkboard 



3. Hand-^helsT^calculator or slide riile ■ * 

* -■■ / ^ • ■ . ■ ■ 

Special Instructions: Assis^^he students who hav? difficulty in working 

% Problem Vl.l on their own. Assign Problem ^1.2 '^for home^fotk. 
References: Corabustldn Evaluation in Air Pollution Control 



\ 
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NOTES 



!• Introduction 

i^. State the goals and objectives of this lesson 
b: Goals are to be achieved by; 

1* Students working problems independently 
a. .In class 

,b. Homework assignment < 
2. * Discus^on of solutions of problems 
II. li^hodology 

A. Assign, Problem VI. Ix Fuel Requirements for Coinbustion 
Installation, to be done by the individual " students 
during the class period. 

B. Assign Broblem VI. 2: Combustion Ini)rovement , to be 
started during the class period and to be cOBnpleted as 
a home%#ork assignment. ^ 

^>,.>^^>..^>,>^^g,^g^ 4n jj| yif^iaiA _by,.anflwer^ questions regarding 

solution techniques. 
D. Answers to Problw VI. 1 may be confirmed during the 
class period; and emswers to Problem VI. 2 are to be 
confirmed in the Homeiltork Review period. 



J . < 
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CHAPTER VI 



'^^ s*. CXJMBUSTION SYSTEM CALCULATIONS 

PROBLEM VI. 1: Fti^l Requlrein6nt« for Combustion Installation 



A stttam gttn«rator dbs rated at 400,000 lbs 8f stesm pej: hour. Steam (99% 
dry) leaves the boiler at 1,$00 psia pressure and enters a supirheater. 
Steam leaves^ the superheater at 1,400 psl4 pressure and jL^eoq^rature 
of 1,000**P. Uie feedwater for this unit enters the econowite/r at 300*^ • 
an<| leaves at 400^. The overall thermal efficiency of the {iteam genera- 
tor is 74%^ The -energy and water losses SMOciated with blowdown may be 
neglected. . 



Coyut 



ex. 



1. The rate of enet^ delivered to thet 

■ ' ■ ' I ' 

(a) econotnizer, ^ 

' * \ 

(b) boiler, 

(c) superheater, and 

(d) ^the total delivered 

♦ • ■ . • ■ 

2' The fuel energy required, million Btu/hr 
3. The. fraction •f the fuel energy which is absorbed in the 
(a)' ecAo«iiser» , V 
^ (b)' boiler, and., ' s - 



(d) 'Superheater. Jl^ 



1 



SCHEMATIC DIAGRAM FOR PROBLEM VI. 1 



w ■ 400,000 
■ lb«/hr 



300 F 

269.7 B/lt 



1^ 





t^" 400 F 



M^" 375.1 
^ B/lb 



7 



'B 



Boiler 
B 


p,- 1,500 
^ psia 

t3«596.4F 


Super- 
Heater 

s 




< 


• 

/ 



P4' 



1,400 
psia 



t^- 1,000 
* B/lb 



611.5 + 0.99(557.2) 
1,163.1 B/ib 



202 



203 



Solution to Probl#tt VI- I i , ' 

Pron the steam tables one may determine the enthalpy values of the feed- 
water and steamt 



Bconomlser inlet : 


1 


> 


300OF , 


1 




269.7 Btu/ll? 


Economizer exit: 


^2 




400°P, 




m 


375. 1 Btu/lb 


Boiler exit: 


P3 




1,500 psla 


.h3 


m 


611.5 + X (557.2) 




^3 




596.39*^ 






611.5 ^ ,99 (557.2) 




X' 




.99 






1163.1 Bftu/lb , 


Superheater exit: 


P4 




1,400 psla 


^4 




1493.5 Btu/lb 




1 t4 




l^OOb^F ■ 









A. 



1. Coinput* the energy delivered to each section^jjiftcj^ 4.13 
on p. 4-10 of th*'^ Student Manual. 



a. Economizer: 



7 



- 400,dP0 ( 375.1 - 269.7 ) ^ 



9tu 



42 X 10* 



Btu/hr 



b. Boiler t 



QsB * ™«' - hj) 

lb steam 



' 3 



400,000 



(1,163.1 - 375.1 ) 



« 315 X 10' 



Btu/hr 



c. Superheater I 



Btu 
lb 



■t "k "b Js • ' 

■m (42 X 106) + ( 315 X 106) (132 X 1Q6) Btu/hr 



. \ • 489 X 10^ Btu/hr ' ^ ^' ^ . * 

" ■ I- *-*r-^- ■* — ■' ! _ _ TTT^^T!! _ ' ~ N ^ ' 

2. The fu«l •nf rgy Input required niay be deten^ned using Equation 
\7 4.9 on p. 4-8 of the Student l^nualV 

' ' ' 

Q« - ( 489 X- 10^ Btu/hr 
" n " ( .74 ) 



661 X 10^ Btu/hr \ 



I 



3. The fraction' 6f the fuel energy >rtilclk^^ absorbfia » 
a. Economizer t ^ 



QsE ^ ( 42 X 106 ) ^ .063 . 6^ 

Qh Uei X 10^ ) 



b. Boiler: 




(315 X 10^ ) . .477 - 47. 7 

(661 X iO^ ) 



c. Supeif heater X 



. (132 x 4(}^ ) - 



> \_. . ^xj^ x^u / • .20 • 20.0 



Q„ ( 661 X 10^ ) 
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PROBLEM VI* 2 1 Combustion Improvement 

V 

Combustion modification of a b<ifiler resulted in changing the excess air 
as may be determined from the following Orsat analyses of the flue ^as: 



Gas Before Modification After Modification 



COj 10.1% 



15.0% 
3.1 

CO o:i • 0.0 



O2 8.3 



The fuel fired was lignite coal whiah -has the following analysis: 
0*22% Sr 6,39% hX, 37.37% C, 0.61% Njr and 44.99% The heating value 

is 6,010 Btu/lb and the proximate analysis is: 36.93% moisture, 24.92% 
volatile matter, 27.72% fixed carbor\^ and 1(^43% ash. 



Hie unit operates 7,700 hr per year with an average load of 5.3 tons of 
coal per hour with a ifuel cost of 75^ per 10^ Btu. Assume, that^ before 
and after the modification, flue gas temperature was 355^ i the refuse 
was 0.1062 lb per lb of coal; and the average combustion air was at 
750P. ^ 



Compute I 

i 

1. Hie excess air 

(a) before the modification, 

t I ■ 

(b) .after the rapdification. . v 

2. Th* theoretical air required to bum a po\ind of the specified 
coal* 

3* ^Ihe^ theoretical flue gas produced from firing a pound of coal* 
4. The actu^nl fltie gas produced per pound of /coal 

(a) before the modification, 

(b) after the modification/ 



5. ' Ttie'' change In flue gas energy loss per pound of coal. 



6. The valu* Of the annual sa^ving^ from reduced flue gas losetes 
which occur because of thii^ modification 



\ 



f 

Solution to Problm VI. 2 : 

1« Comnit« •XCMS air knowing that: 

- 100% - C02% - 0,% - C0% V 

\ a. Befora modification: 

^ ^ J rs . 

"^-^ «2 100% -MO.l -) - V( 8»3 ^- ( 0.1 > * BlvS- %^ 



D«t^«nalntt %EA from Eq[uation {1) , p. 5-23 of the Student Manual: 



0.264 - (Ojp - 0.5 COp) 



X 100% 



, 8.3 ) - 0.5 (0.1 ) 



0.264 ( 81.5 ) - ( 8.3 - 0.5 ( 0.1 )^ 

■ft . . 

62.2 % . « 



b. Afl^r Modification: 



- 100% - ( 15.0 ) - ( .3,1 ) - ( 0.0 ) 



81.9 % 

— r — ^ — * / 



( 3.1 ) . 0.5 ( 0 ) 
EA • • ■ :i : X 100% 

0.264'"( 81.9 ) 3.1 - 0.5 ( 0 ' )) 

■ ' " . ' * .■ 

2. thm thVortttical air requirid is found from Equation 4.1 on P* 4-4 
of tha Stu<l«nt Hanual 




02 



- 11>53 C 34.34 (H^ - — 1- ) + 4.29 S 



• - U?53 (^3737) 34.34 (.0639 - -Lii^SLJ.:) + 4^29 ( .0022 ) ^ ^ 



3," The theoretical, flue gas per pound of coal fired nwiy be obtained 
from E5quation 4.2 on p. 4-5 of the Student Manual, with - d 



G - (m^ ~ nonconbustlble) 




- 1 - M .1043)' + 1 ( 4.58 ) 



5.48 



lb gas/ lb cohl 



4ar^BefoEe the modlfi^l^tion ^he actual flu^ gas per pound of coal 



+ G 



- » EA (A^) + G 

* 

-^(,622 ) X ( 4.58 ) + ( 5.48 ) 
^ ■ Q - 3 j lb gas/ lb coal fired 

4b. After the modifltratlon the actual flue gas waa x 



- ( .167 ) X W 4^^ 



^ + ( s.ie ) 



6.24 



/ lb coal f Bred 



5. Af it waa stated th^t the average anbient and flue gaf teBf>era- 
• tures did not change after f the modification, the difference 
in flue gas energy lots may be (totermined using Equation 4.12 
on p. 4-8 of the Student Manual I 

;^Qfg ^ <«f before " after> S <*fg " W ^ ^ 

• ( 8.33* - 6.24 ) X (0.^5 5^JL) x ( 355 - 75 
• ■ .■ IbPP ■ 



'146 



Dtu/lb,coal fired 



1 ^ 
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TSi^/value of fthe annual savings resulting from reduced flue 
gas losses will bat n 



Annual ^. cost ^ _Btu_ ^ ' lb coal ^ . ^^^^ 

sav!hfigs Btu ^ lb coal ' ^ yhr 

mr X .( 146 ) L., X ( 5.3 X 200t)) 



10 Btu ' lb coal ^ ' 1^ 

X ( 7,700) ^ . ■ . 

$ 894 0 par year 
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' Lesson Number: 



25 ^ 



' li^sson Goal: . -/nie goal lof thi§ lesson is ^to provide thle sty(ibnt with informa- 
. tion^ about con*:roll€!d;rair incineration equipment and the influence of 
-opeiiatipg parametersi on air pollution emissions. , ^ 

Lesson Objec?bive»: A^: the end of this lesson the Student will be able to: 

1 . r . . 

describe^^.the combufl|tion principles and pollution emission characteristics 
of control led -air ih<:inerators cdrVtrasted with those of single ahd ^ 
™iltiple^haihber des .gns; 



1 



muj 



identify operating f ^aturej^ which fnay cause smoke 'emissions from 
oontrolled-air incin srators ; ancj 

rela\fe the tenperati||re^o£| gas^ leaving the afterl)|imer t;o the amount 
of auxillajry fuel needed by the afterburner.! 



Student Prj^requisite Skills : Course 427, Lesson NUMbers 23 ^ • ^ 
Level of ^ Instruction : | Underc^raduate encfineering^or Equivalent/ 




Intended Stifdent Professional Backgrounds: Engineers, technical staff, ^egu- 
- latory officials, and others who work in colnbi^stion^telated areas of air 
.pollution control, * V , 



Support Materials and Equipment: 

f * 

, 1. Slide- projector * 

2. I^lide set for Lesson 25 ; 

Special instructions: Non^ 

*" . ■ * . ' 

References : 



1. Combustioh Evaluation i y Aiy Pollution Control , Chapter 11 • 



Ln\l 



pffnwn, Ross, "Evaluation of Small Modular Incinerators in\Munici- 
/pal Plants, " Final RejJbrt of Contract No. 68-01-3171, Office 
of Solid Waste Management, USEPA (1976). 

Interim Guide of Good Vractlce for Incineration at Federal Facilities^ 
AP-46 , .National Air Pollution Control Administration, Pyib'lic 
Health Service, Raleigh, N.C. (November 1969) . 
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SiLIDEtlM^BER 



TITLE OF SLIDE 



427-25-1 
427-25-2 
27-25-3 



427-25-4 

42.7r-25-5 

427-25-6 

427-25-7 

427-25-8 

427-25-9 

427725-10 

427-25-11 

427-25-12 

427-25-13 

427-25-14 

427-25-15 

i 

427^25-16 
427-25-17 
427-25-18 
427-25-;L9 

'4i7-«5-^0 
4i7-25T21 
427-?5-i22 
42 1- 25- 2^3 



I^SSON 25 1 CONTROLLED AlR INCINERATOR 
AVERAGE EMISSION FACTORS FOR REFUSE COMBUSTION 
FLUE FED SINGLE CHAMBER INCINERATOR 

APARIMENT HOUSE INCINERATOR WITH SEPARATE STORAGE BIN 
MULTIPLE^CHAMBER RETORT INCINERATOR > 
MULTIPLE-CHAMBER ^N-LINE INCINERATOR " 

MULTIPLE-CHAMBER IN-LtNE INCINERATOR 
CONTROLLED AIR INCINERATOR 

CONTROLLED PROPORTIONATE "AIR DISTRIBUTION * 
AIR DELIVERY BLOWER 

PRIMA^ CHAMBER PRODUCES VOLATILE GASES 
SECONDARY CHAMBER 
TEMPERATURE CONTROLLER ♦ 

RELATIVE SIZE OF PRIMARY AND SECONDARY CHAMBERS 
FACTORY MANUfrACTURBD » 



MODUIAR UNJT^ AT MUNICIPAL FACILITY 
CHARGING OF AUtImATIC PEED HOPPER 




ASH REM07j^ DOORS 
AUXILIARY FUEL BURNER ^ 

GICAt WASTE INCINERATOR 



:OKl|[CT 




CHAMBER OF PATHOLO- 



WASTE CHARQE 



CHARGING WITH CJPEN DOOR y 

' ' ." i ■ . . ' 

MODII^Y CONTROLLER TEMPERATURE SETTING . 

• ^ ' ■ ■!. 
t>AMAGED REFRA(||t^aY AND UNDEI^IRE AIR PIPE. 

irtangRlTTttP. ATP 4fTPPT.Y nPTPTmLQ 
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CONTEW::flUTLINE 

CoUfS0: 427, Combustionfc^^luation ' 
Lecture Tit/e: Controlled-Atr IncinetatorB 
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NOTES 



I. Iiytroduction 



II, 



A. State the lesson objectives 

B. Describe briefly single-chamber incinerator design 
features and emissions 

• 1. Smoke, CO, HC, particulates 

2. Single-c^iamber Incinerators, banned 1957 in Lob 
Angeles " 

.-«w.*.w.g.«w,yj^jj^jj^jg^^ modifications required 

because of . : 

a. Poor ability to control residence -time (gas 
velocities vaiiied with burning rate and 
natural draft*) 
5^ b. Poor turbulenc^ 
' c. Low combustion temperatures due to high excess 
air 

y d. Flue-fed features causing poor control of 

burning * ^ 

e. Overloading incinerators by unskilled vPersonnel 

C. Describe design impto'vements and emissions of multiple- 
chamber Inclnarators 

1. Give examples of the et»isslons of multiple-chamber 
Incineratots ^ ^ 

X Design features 

a. Oa8*0peed and directional changes td aid tur- 
, bulence (consider both in-line and retort 

designs') 

b. Secondary air and auxiliary fuel burners tb^ 
Improve cocnbustlon in the second chamber 
(however, many units had secondary air tempera- ^ 
ture- from only 656, to 900°F 

Larger . sizes an<i damper controls to provide 
longer residence tljne (however air contifel was 
still too erratic) 

D. Summarise Los Angeles design stauidards of 1960 

1. Control on geometry, loading jrate , auxiliary. fu%l ^ 

2. Calculation procedure ^ 

a. Required temperature 

b. Maximum velocities 

E. Provide background information about federal incinerator 
performance standcirds (1969) 

1. Contrast, performance standards with design standards* 

2. State the allowab|le amissions 

3* Describe scrubber raquirexnents ' 
P. Discuss the greater control of incinerators required 

with soiM State Bnplementation Planf 
Controlled air incinerator characteristics 
A. Discuss distinguishing features and give exatople values 

1. Forced drafts 

2. Less than stoichiometric air in primary chamber 

3. VolatiliEation with partial oxidation in i)rimary 
chaniber m 
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b. 
c. 
d. 



III. 



IV. 



Auxiliary bur nerk-^s sure minimum tempepature 
Low^imary air raj^es, water sprays, con- ^ 
tinu^b charging •limit maximum temperature. 
Air die^bute'd below the charge on the hearth 
rather than through the grate 
Fuel-bed agitation only during charging, 
rather th^^n continuous as with modern municipal 
incinerators 

4. Oxidation conf>leted in secondary chaniber, afterburner 

a^ .^^jaacaiidao^^Atr 

b. ttenqperature controlled by aiixiliary burner 
c^. RteBidence time ^ ^ ?^ 

B. Give examples of various designs ^ 
,1. Geometry and relative size ^ ^ 

2. Starved air or cpntrolled-air vs. multiple chamber fea^u 

C. Explain why particulate loading is lower, than for 
multiple-chamber units ^ * ✓ 

1. Lower Velocities in primary ibhamber (less entrain* 

ment) ' . 

2. Better control of combustion ""^^^ 
'^a. Mqre xiniform volatilization rate 

• b. More uniform velocities 

c. Control of residence time 

d. Higher combustion tenqperatures 
Other design features ^ 

A. Cite exaB5>le8 of advantages for factory production 

1. Design standardized for driven model number 

2. Modular features 

a. Size ^elow that of new source performance 
standards (400 to 3,000 Ib/hr) 

b. Multiple units for larger load requirements 
c. Reliability of performance 

B. Describe l>atch operation cycle and give example t^imes 

1. Full burning rate operation, 7 to 9 hrs. i^- 
a. Intermittent cbarging, 8 to 10 min. 
Burn down requiring afterburners, 3 hrs. 
Overnight cooling 

Ash rembval % ' . 

a. Give examples, of typic^il waste weight and 

volxnne reducti^Mi 
Preheating of refractory 

Operation at full buffing rate / 

C. Describe auxiliary fuel coi^iuiiqptiQn 

Increases with moisture content bf^refuse 

2. Pathol6gical waste buirning requirements 
■ a. Multiple atixiliary burners in primary zone 

b* Continuous afterburner operation 
Particulate or smoke control 
A. Give examK>ltts of emission performance 

1. 0*03 to 6^08 graine/scf at 12% CO2 

2 . Varies with operation and design 

%: : ■ ■■ ■ . • ■ 



2. 
3. 
4. 



5. 
6. 
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NOTES 



B. Statd ,the causes of high emissions 

1. Overloading unit (high air velocity in primary 
chamber) , 

2. Reducing auxiliary fuel at afterburner (to ^ut 
fuel costs) \ \ * 

3. Batch charging through ^oJ)en door which disturbs 
air velocity control , 

4. Batch charging disturbs fuel bed 

5. Charge consisting of con^ressed or packaged 
materials, rather than loose materials 

6 . V^u:i^lble moisture in— cl^prge • 

C. Describe the methods for reducing emissions 

1. Modify charging technique , 

2. Install ram charging device and double-doqr inter 
lock features to avoid extra air inflow during 
charging 

3. Do not overcharge ^ 

4. Modify automatic controller temperature setting 
for additional auxiliary fu\sl 

5. Proper maintenance of burners, refractory walls, 

and underflte air J^UBf^JtJff jrin 4#st/t 

6. May be abusW if dfffS9dtllW £w<Ims alt 

with feXtra mlmary'air blowers provided to increase 
energy release: 

a. Will cut afterburner fuel costs, but ^ 

b. Will increase smoke and partidulates r and 

iC, Will increase maintenance costs soitewhat ^ 
Other important features 

A. Describe possible system economic advantages by providing 
a waste heat boiler . 

1. Will subatantially imprbve economics if 

a. Waste stream is guareuiteed 

b. Purchaser available for total steam produced 

B. Large units may provide continuous feed and continuous 
asft removal features 

1. Reduces thermal shock to refi^actory 

2. Increases daily loading by prcJvidipg 24-hour burn 
period rather than 8*- to 10-hour charge period 

3. May require scrubber or other flue gas control 

to n(ieet new source performance standards for muni- 
cipal incinerators (.08 grains/scf at 12% CO2) 
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Lesson Muinber: 26 



Lesson Goals: To provide the gtudent with an understanding of the special 
requirements for tjtje destruction of hazardous waste by combustion- ^ 

Lesson Objectives; * At the end of this lesson, the student will be able toi 



cite specl^r requirements associated with the combustion of hazardous 



Viquid and solid wastes; 



recite the special requirements for treating the combustion products to 
control pollutant emissions from incineration operations; * 

list examples of substances and/or elements which cannot be controlled 
by incineration; 

describe the fuel requirements nejpessary to dispose hazardous waste 
materials; and 

list a nuniber of hazardous waste materials (including polychlorinated 
biphenyls PCB's-* pesticides r and some other halogenated organics) 
Which-liiay be disposed of successfully through proper liquid incineration 
devices; give the required temperatures and residence time to achieve ^ 
adequate destruction 

Student Prerequisite Skills: Course 427, Lessons 5, 17, 20, 23, 24. 

lieyel of Instruction! '\Jndergraduate engineering or equivalent 

Intended Student Professional Biickgrpurtds : Engineers, technical staff, regi 
latory officials, and ^tothers who work in coxnbustion-related areas of air 
pollution control. 

Support Materials and Equipment: ^ 

1. Slide projector 



2. * Slide Stat for Lesson 26. 



/ 



^ 



Special Instf uctions : |k>ne ^ ' 

References: i 

1. Combustion Evaluation in Air Pollution Coi^trol , Chapters 10, 11, - 13, 15. 

2. Scurlock, A. C. , et al. , "Incineration in Hazardous Waste Management/' 
SW-141, USEPA (1975). 

3. "Suimnatlon of Conditions and Investigations for the Complete Combus- 
tion of Organic Pesticides," Report, No. EPA-600/2-75-044 (October 1975). 
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427-26-1 



427-26-2 
427-26-3 
427-26-4 
427-26-5 
' 427-26-e- 



TITL&OF SLIDE 



LESSON 26 ! COMBUSTION OF HAZARDOUS WASTE 

CXJMPARISON OF THERMAL DESTRUCTION OF PESTICIDES AND 
PCB'S 

THERMAL DESTRUCTION ZONES FOR VARIOUS PESTICIDES 

> 

SUBMERGED-COMBUSTION INCINERATOR 
KEPONE INCINERATION TEST SYSTEM 
ROTARY KILN INCINERATOR 

t 

FLUIDIZED-BED INCINERATOR SCHEMATIC 
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CONTENT OUTLINE 

Course: 427, combustion Evaluation 
Lecture Title: combustion of Hazardous Waste 



Page. 



NOTES 



II. 



III. 



\ 



Introduction 

A. State the goals and objectives of this lesson. 

B. Show the need for disposal of hazardous wastes. 

C. Examine the advantages of disposal by incineration j 

1. Combustion technology developed 

2. Applicability to most organics 

3. Heating Walue may be recoverable 

4. Ability to handle large volumes 

5. " Large land area not required 

D. Consider possible disadvantages 
1. Costly and complicated equipment 

Auxiliary energy often needed 
Combustion products may be polluting 
Solid residues may be toxic 
Incineration Criteria 
Stress similarities to other incineration methods ( 
that it must be more stringently controlled 

1. Itiere ^re no generally applicable f^ules at present 

2. Limited knowledge of design details 
Point out that for' toxic materials: 



2. 
3. 
4. 

General 
A. 



but 



B. 



Higher destruction efficiency required 
a. 99.99% typically for pesticides 



IV. 



^ 2. Much higher temperature and residence times required 

a. Destruction starts at similar temperatures as 
that for hydrocarbons v 

b. High degree of combustion cojfipletioJ). requires 
^ stringent operating C0nditio'ns ^ 

C* Show the need to sci^ub (or^^reat) combustion product 
gases, / ' m ^ 

Explain that organic products with dangerous heavy metals 
should not be incinerated. 

Equipment types being used 

A. Present examples of equipment 

1. Rotary kilns 

2. Multiple-hearth incinerators 

3. Liquid-injection incinerators 
4* Fluidized beds 

5. Molten-salt devices • 

6. Wet oxidation 

7. Multiple-chamber 'incinerators 

8. Gas combvstors ' 

9. Pyrolysis units 
Halogenated.and Sulfonated Materials 

A. Note that. these materials should not be flared 

B. ' piscuss hydrogen. chloride (and other halide) emissions 

1. When H to 01 ratio is greater than 5 to 1 
.2. Scrub with caustic ^ 

C. Consi^ler the products of chlorinatiad hydrocarbon 
!• With H to 01 ratio less than 5 to 1 

2. Hard to remove 

3. Add natural gas^pr steam to produce HCl instead 

D. Exainine plastic wastfe-handling practJ^ces 
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j ERLC 



VI, 



VII. 



E. Evaluate control of pollutant emissions in the effluent 
gas 

1. Scrubbing of effluent 

2. Stdli|rged combustion incinerator 

* Pesticides and Toxic Wastes 

A. Discuss detoxification by incineration 

\, If taxi<3ity is due to molecular structure rather than 

eleitiental composition ^ 
2. More stringent temperature and residence- time require- 

* ments 

B. Be on the lE>okoUt for toxic product gases 

1. Cyanide from organonitrogen pesticides 

2. Others 

C. Consider more complex equipment 

1. Careful siting considerations because there will 

inevitably be emission^ of small quantities of pes- 
ticides or toxic products 
Polychlorinated Biphonyls f£>CB's) MTV! OCl ^ 

A. Remind students PCB's are extremely stable ana persistent 

B. Note PCB incineration requires more drastic conditio^l^ 
than roost pesticides 

Propollants, Explosives, and Pyrotechnics (PEP) 

A. State that inctneratior\ /8 tiy^iwp* diliposal 
mctthod V ■ - ^ ^.y^ : ' ^^-1 

B. Recoimiend dilution with inerts before feediftg them to 
the incinerator > v 

C. Evaluate equipment usedt 

1. Rotary kilns and furnaqes • f 

2. Fluidized beds 

D. Emphasize the need to control emissions 

1. Very little^ is known about the type and quantities 
of emissions 

2. Little has been done to control emissions in the 
past 
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TOPIC: NOjj Control Theory 



COURSE 427, 'combustion Evaluation 
LESSON time: 60 min. 
PREPARED BY DATE 

J. T. Beard Aug. 1978 




V5» 




Lesson Number: 27, 

lesson Goal: The goal of this lesson is to provide the student with information 
about the various mechanisms of formation and control of NO^ and to provide 
examples of the 'amounts of NOy control available. , 

Xiesson Objectives: . At the end of this lesson the studentMH be able to: 

identify three of the major stationary sources of NO^^ emissions; 

locate and use emission factors to estimate the amount of NOx emitted 
from a potential combustion source; 

; describe the difference between mechanisms for forming "Thermal NOx" 
and "Fuel NO^"; , 

■ describe the various techniques for NO^ control: flue-gas recirculation, 
two-stage combustion, excess air control, catalytic disspciation, wet- 
scrubbing, water injection » and reduced fuel burning rate; ,and \ 

recall the^ amount of NOx control availai)le fifom particular combustion 
modification examples. 

Student Prerequisite Skills: Course 427, Lessons 5, 6, 17, IS, and 22 

Level of Instruction? Undergraduate engineering or equivalent' 

intended Student Professio?rtii Backgrounds: Engineers, technical staff, regu- 
latory officials, and others who work in combustion- related areas of air 
pollution control. , . 

Support ,Mat0tial8 aiid Equipment: 

1. Slide projector 

2. Slide set for Lesson 27 
Special IiiatruOtions J None 



I 

/ 

References : 

1. Combustion Evaluation in Air Pollution Control, Chapter 16. 



2. StrausSf Werner, Air Pollution Cpntrol , Part I, Wiley Interscience, 
New York (1971)- 

3. Wark, K. , auid Werner, C. F. , Air Pollution , Its Origin and Control , 
Harper and Row, Publishers, New York (1976) . 

4. "Cqntrol Techniques for Nitrogen Oxide Emissions from Stationary 
.Sources," Second Edition, EPA-450/1-78-00J. , U, S. Environmental Protection 

-Agency -<Jan* ^19784 ^ ~ 

5. "Reference Guideline for ^ Industrial Boiler Manufacturers to Control 
Pollution with Combustion Modification," EPA-600/8-77-003b, Industrial Environ- 
mental Research LaJtoratory, U. A. Environmental Protection Agency (Jan. 1977). 
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SUhft^Y OF 197A STATIONARY ■ SOURCE^Oj^ EMISSIONS 
AN^WAL NATIONWIDE NO EMISSION PROJECTIONS TO 2000 
EXAM1*LE OF TRANSIENT SMOG CONDITIONS IN LOS ANGELES, CA;^ 
EXAMPLE OF EXPERIMENTAL Strf^ CHAMBER DATA 
GENERALIZED PHOTOCHEMICAL REACTIONS 
GENERALIZED PHOTOCHEMICAL REACTIONS (CONTINUED) 
THERMAL NO^^ FORMATION: CLASSICAL CHEMICAL MODEL — ' 
THERMAL NO FORMAMON: SIMPLIFIED MODEL 

A 

THEORETICAL CURVES FOR NO CONCENTRATION VS. TEMPERATURE 

If 



427-27-10 Effect of low excess air, oil fuel 

427-27'-ll ^ TWO-STAGE COMBUSTION 

Twb-; 



A -427-27-12 TWO-^AGE COMBUSTION, OIL FUEL 
I 427-27-13 : . EFFECT OF BURNER STOICHIOMETRY ON N0„, dOAL COMBUSTION ^ 

427-27-14 NOjj REDUCTION BY FLUE GAS RECIRCULATION 

427-27-15 EFFECT OF FGR ON NO EMISSIONS 

427-27-16 , EFFECTS OF HOj^ CONTROL METHODS 

427-27-17 RAIK3E or UNCONTROLLED UTILITY BOILER WO^ EMISSIONS 

41^7-27-18 . EFFECT OP FIRING METHOD, OIL FUEL 

427-27-19 EMISSIONS WITH WATER INJECTION FOR NATURAL GAS-FIRED 
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I ; - ■ 427-27-«-2p EFFECT^F TEMPERATURE ON NO REDUCTION WITH AMMONIA INJECTION 
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C ONTENT OUTLINE .^^^ 



Coarse: 427 » C(M«matloii Ivaluatlon 
L9Ctur§ Tfth: nOy control Theory 



■ NOTES 



1 



I. Introduction tb N0% 



II. 



A. Sttttt tht iMlson Qbj«otlv»s 

B. Pr«»Mt th« sourots of NOj^ ^ 

1. Hatural (Vbloanpas, forest flr«s) 

2. Vthloular 

3. Stationary 

a. Utility hollars for alaotrlo powar ganaratlon 

(4a%> ■ ^ • - - 

b. Intamal coai>uatlon anginas, dlasal and spark 
Ignition aiiglnas, gM turblnaa, for patirolaqa, 
alaotrlo poirar, agricultural, and ganatal 
Industrial applications ^23%) 

c. Industrial bollars for haatlng and alaotrloal 
ganaratlon (18%) 

d. poMMrclal and rasldantlal spaoa haatlng <9%) 

C. Msorlba NO^ aadaslon factors 

1. Avaraga valuas dapandant upon 
a/ Pual 

b • BqulpsMntii^sign 

D. Discuss concarns cKout "llOx emissions 

1. PotantliU. grmrth 

2. Ragulatlons 

a. Maw Sourca Parfonuuica 8tandard|s 

b. State and local st|mdards 
Matatlonahlp in snog f^^riMtion 



3. 

Introduction to the Fomatlon j^f HO 
Isplaln Uif fo<i||&tion o'^ 



nit^gaiy oitldas 



It PrisiariXy fonnad as l^i 

a. Daf lha ''ThAnial IKb>* 
' ;b. Define •fFual ^ 
2t Oxidation of NO to MO3 in air 
3, Otbar oylfSas of nityogan (NoO, nitirous oxide 1 
N|^Oj^ nltfogan t^^oxitt^i and HaOg, nitrogen "pent* 

Biqplain **Ihaxauil Wi^^ foxwatlon 

1. Clasaioal chemical siodal for HO foKsatlon 



High taaqparattira disspoiation of 

02 



20 



H ♦ 0, 



10 -f M 
HO ■»• 0 



-f o« Sit aw> 

; H 
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NOTES 



2. Modal for rate of production of NO 



d(NO) . 
dt 



Kp (Nj) (O2) - K,^ (NO)' 



/ 



a. 

b. 



C. 



Explain 
1. 



III. 



Define symbols 

Preeent temperature influences 
Describe transient features of combustion 
Describe and give exan^le of equilibrium NO 
concentrations 

Explain how real combustion varies from equi- 
librium 

Explain the concepts of dissociation and cool 
down "freezing" of NO 
"Fuel NOx" formation 
Describe and give examples of chemically combined 
nitrogen in fuel 

a. Coal (e.g.'v 0.5 to 2.0%) 

b. Fuel oil (e.g., Q.l to 0.5% for No. 6 and around 
0.01% for No. 2) 

c. Natural 4aa contains nitrogen In uncochblned form 
Present factors Influencing "Fuel NO^" 

10 to 60% fuel nitrogen becomes NO 
Depends on oxygen available ^ 
Fuel-rich <^mbu8tlon, nltix»gen becomes N2 \ 
Lean combua^tlon, fuel nitrogen becomes 199 ^ ^ 
More NO witih high-fuel voj^atlllty 
More VO wl|h Intensive fu#l/air mixing 
NOjj Control Tlieory ^ 

A. Present exanqc>le8 oi control by fuel change ' 



Slide A27-27-9 



a. 

c. 
d. 
e. 
f. 



f: 



\ 



1. Change from high nitrogen No. 6 fuel oil to No. 2 

2. Specify low-nltrogen-content No. 6 fuel oil 

a. Nitrogen content influenced by refining processes, 
blending, and crude stock. 

3. ^ Change from coal to oil or from oil to gas 

a. Limited by furnace adaptability, fuel availability, 
.and costs. 

b. More coal rather th^ less as boiler fuel 
expected in the future 

];pt3:t>duce excess air reduction for NO^ control 

1. Bf/ective for ^Hiermal NOy** ^ 
a. Less. OKyg«n aval lal^le lisiits oxidation of mole- 
cular nitrogen 

2. Effective for ••Fuel NO^** 

a. Less oxygen available caus(»s tendency for fuel 
nitrogen to form Ng 

3. dj^-fired unit exanple^n. iMr 

a. Now larger uniti operate with 2 to 5% excrese 
alr/<.4 tQ 1% excess O2) 
\b.^ Jpr^ious vUlAttf wer^ 10 to 20% excess air (2 to ^ 
4% excess Oj).^ 

c. Reduced exceis ulr limits oonveriion of SO2 to 
)30^ (and the relate<;| dew point/corrosion problems) 

■ ■ ■ ' ' • -27-5 " . 
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d. Low excess air operation, more difficult #lian in 

_ coal_cpmbusti 

Give Example of two-stage combustion for NO^^ corntrol 
1/ Initial combustion, fuel-rich 

2. Energy extraction by heat exchange surfaces 

3. Secondary air provides for full oxidation with over- 
all excess air 

4* Hay be acconipllahQd by 
a, Overfire air ports 
' b. Bumer-out-iif-service 

* c. Burner redesign to reduce swirl (t^lrbulenoeAot 
spots) \ 

Give examples of reduced combustion temperature for 
tJOy^ control 

1. Limits the value of Kp, fcnfward reaction coefficient 
(which essentially doubled; for every 70^F increase 
after 3,000^F) 

2. Flue-gas recirculation 

a. Rate of reaction reduced by Introducing inert 
flue gases (C02f (HjO) into coittoust ion -^ne 

b. Reduced fuel rate implies reduced load 

c. Inert gases act as h^at sink, lower temperature 

d. Thermal efficiency rediiced uriless adequate heaty 
exchange availed^le 

Give examples of Influence oU, etjuipment design on NOy 
emisslpns ^ \ \ X 

1. Design influences ' ■ \ * 

a. Fuel/air tlixirig \ i 

b. Proximity of flairies t;o heat exchange surface 

c. Operation of burner Iflifluenced by adjacent 
burners \ 

2. Give examples } 

a. Cyclone furnaces, largeiit uncontrolled NO^ 
emissions 

to. Front wall (horizontal) and opposed wall furnaces, 

somiewhat less thi|n f roiti cyclone 
c. Tangential-fired furnaces considerably less 

emissions 

Give example of influence of soot blowing frequency on 
NOy iunlssions ^ ^ 

^1. Clever heat exchange surfaces 

y a. Higher heat transfer rate (less insulation by 
( deposits) / ^ 

\ b4 «» .Lower combustion/ temperatures (due to more rapid 
i) energy extraction) 



i 



Mcribe water Injection into gas turbine for NOx conftol 
li: Acts as heat sink * 

2. . Reduces "nieraial NOx" 

3. Bffsctiye yith water-to- fuel-iwss ratios UP to 1.2 
Describe flue gas treatment for pontrol 
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Dry flu«-ga». method widely used in Japam 
a. Effective for oil and gas oombj^stlon 



b. 
c. 
d. 
e. 



Aimonla Injection creates reducing atmosphere 

100 to 7oo^r 



2. 

I 



Flue-gas temperatures 
Catalypt required 

jlesearch Is underway to apply this technique to 
particulate and SO2 laden gas streams 
Dry method for higher tem pera ture gases 

a. Anmonla Injected as combustion gases reach con- 
vection Eone of utility boiler 

b. Gas tenqperatures around 1,300^F 

c. Up to 60% NOj^ reduction demonstrated 
Het flue-gas treatment used in Japan 
a. Strong oxidant required (ozone or chlorine dioxide) 

Converts NO to or 
Scrubbers absorb t902 or K2O 
Scnibbers operate at 100 to 120*^F 
Expensive technique (osone, chlorine dioxide 



b. 
c. 
d, 
e. 



production, 



ticulate 



May be useful fbr c<jHlf|Lp< 
control 

Give exaioples of fluidised bed combustion units ^ich 
produce low NO^ 

1. Solid waste and sewage sludge incineration J 

2. Hog fuel conbustipn 

3. Coal-fir«d utility boiler, 30 MW e^lectricity 
(Monongahela Poi#er Co., Rlvesville, West Virginia) 

4. Coal-fired industrial boiler, 100,000 lb steani/hr 
(Georgetown University, Alexandria, Virgflnia) 
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Lesson Number x 



28 



Lesson Goal: The goal of this lesson is to provide the student with an introduc- 
tion of the state of the ^rt combustion modification techniques which are 
useful in reducing air pollutant emissions. ' ■ ' 



Lesson (S>jective8! At the end o^ th^ lesson thQ student will be able to: 

state the benefits of proper maintWanoe and adjustment of residential 
oil combustion units; ^ 



list three important features to 
coromer^lthl oil-fired llSbrners; 



check during the maintenance of 



discuss the difference between ^ "minimum O2" and "lowest pra^ctical O2" 
an4 why these are important in ^industrial bdilers; 

■ ■■■ . , ■ i ■ ■ 

list two reasons why a burner n^y have a higher "minimum O2" lev^l than 
the typical value and describe v^at remedies may be available; 

indicate the effect on thermal efficiency of the combustion modifica- 
tion techniques: lowering excess air, staged air combustion # reduced 
combustion air preheat, and flue gas recirculation; and 

. — f . , ■ 

discuss why NOjj control from coal-fired utility boilers is more difficult 
th^n from similar oil or gas units. 

> '■ * 

Student Prerequisite Skills: 427 Course, Lessons No. 17, 18, 22, and 27 

Level of Instruction: Undergraduate engineering or equivalent 

Intended Si^udent Professional Backgrounds: Engineers, technical staffs regu- 
latory officials, and others who work in combustion-related areas of air 
; pollution control. ^ 

Support Materials and .Equipment : 

:,1." Slide Projector 

, 2. • Slide set f6r Lesson 28 . ; 



\ 



A 



Special Instructions i 



None 



References : 



1. Combustion Evaluation in Air Pollution Control , Chapter 17. 

2. "Guidelines for Residential Oil-Burner Adjustments," Report No. EPA-600/ 
2-75-069'-a, Industrial Environmental Research Laboratory, USEPA (Qct, 1975), 

3. "Guidelines for Burner Adjustments for Commercial Oil-Fired Boilers," 
Report No. EPA-600/2-76-008, Industrial Environmental Reseairch Laboratory, 
USEPA, (March 1976) . . 

4. " "Guidelines for Industrial Boiler Performance Improveinent, " Tieport No: 
EPA-60O/8/77-OO3ar Industrial Environmental Research Laboratory^ USEPA (Jan, 
1977). 

5. "Fteference Guideline for Industrial Boiler Manufacturers to Control 
Pollution with Combustion Modification," Report No. EPA-600/8-77-003b, Indus- 
trial Environmental Research Laboratory^ USEPA (Nov. 1977). 

6. "Control Techniques for Nitrogen Oxidesr Emissions from Stationary 
Sources," Second Edition, Report No^ EEAt.450/1-78-001 , Office of Air Quality 
Planning ^Uld Standards w USEPA i[Jan. 1978). 
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LESSON 28; IMPROVED PERF0R>1ANCE BY COMBUSTION MODIFICATION 

SMOKE-CO2 PLOT FOR RESIDENTIAL OIL BURNERS 

"LOWEST PRACTICAL CO^", RESIDENTIAL BURNERS 

EFFECT OF STACK TEMPERATURE AND CO2 ON THERM^ EFFICIENCY 

-USUAt RANGE OF VISCOSITY- FOR GIL FIRING 

SMOKE-CO2 CURVE FOR COMMERCIAL RESIDUAL OIL FIRED BURNER 

MAXIMUM DESIRABLE BACHARACH SMOKE NUMBER 

PERCENT CO2 IN FLUE GAS AS FUNCTION OF EXCESS AIR 

BOILER EFFICIENCY LOSS CHANGE WITH EXCESS O2 

SMOKE-O2 CURVE FOR COAL OR OIL-FIRED INDUSTRIAL BOILER 



Cb-O, CURVE FOR GAS-FIRED INDUSTRIAL BOILER 
EFFECT OF EXCESS O2 ON NO^ EMISSIONS 



\ 



TYPICAL RANGE OF MINIMUM EXCESS O2 AT HIGH FIRING RATES 
EFFECT OF REDUCING THE EXCESS AIR ON BOILER EFFICIENCY 
STAGED AIR EXPERIMENTAL WATER TUBE BOILER, TOP VIEW 
STAGED AIR EXPERIMENTAL WATER TUBE BOILER,. SIDE VIEW 
REDUCTION OF TOTAL NO^^ BY STAGED AIR WITH nAuRAL GAS FUEL 
REDUCTION OF TOTAL NO^^ BY STAGED AIR WITH NO. 6 FUEL OIL 
EFFECT OF NOj^ PORTS ON BOILER EFFICIENCY 

EFFECT OF COMBUSTION AIR TEMPERATURE ON NOj^ WITH OIL AND GAS 



ice\ 



INFLUENCE OF AIR PREHEAT ON NO, 
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EFFECT OF COMBUSTION AIR PfeEHEAT ON BOILER EFFICIENCY 




28-3 




SLIDE NUMBER TTTL K OF SLIDK 
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CONTENT OUTLINE 



iut9f: 427, Combustion Evaluation 

Lecture Title: 



Inqproved Performance b 



Combustion Modification 




II. 



P 



b. 



c. 



Introduction 

A, State the lespon objectives 

B, Review the changing emphasis of preventive 
maintenance for combustion equipment 

1. Prior to mid-1960' 8 

2. Influence of air pollution regulation changes in . 
early 1970 's 

Chauiges due to "the "energy crisis of 1973" 
Residential oil-burner 

A. Introduce the need for maintenance and adjustments 

1. Improve overall thermal efficiency and 

2. Minimize smoke, particulate, CO, and hydrocar)x>n 
emissions 

Discuss euu^ual maintenance . by a skilled technician 

1. Recommend annual replacement of nozzle 

a. Slight wear of soft brass nozsle causes change 
of spray pattern 

Deposits of foreign materials cause drop size 
and spray pattern changes 

Overslzlng causes short cycling, lower thermal 
efficiency, Jiigher pollutant emissions 

2. Clean dirt and lint from burner blast tube, from 
housing^ and blower wheel 

3. Seal any Combustion chamber air le«Ocs 

4. Adjust electrodes for proper ignition 

5. Check pxinqp pressure and reset to manufacturer's 
specification if necessary 

Describe features of EPA recommended air adjustments 
1* Use proper Instruments ^ . , 

a« Bacharach smoke tester 

b. .Orsat or Fyrite apparatus for CO2 loeasurements^ 
> c. Draft guage to 6at barometric draft regulator. 

2. Establish and/ examine a smoke-C02 plot for a f 
given unit / ^ ' ^ . 
a. Readlngd at various air gate settings* 
bv Locate the "knee of the curve 
-t/ Adjust air setting for a CO2 level 1/2 to 1% 

lower than the CO2 level of the ^'knee^ 

3. Compaure results with the standards 
a. The smoke level not greater them No! 
b- CO2 level not less than the table value 
c* Deviation can be caused by air leakage or poor 



lee; 
raiue 



«yir/fuiijyjtffcxinc 
Measure staclT temperature 

a. Compute the net stack teit^etature 

(1) Thermometer reading minus room air tempera- 
■ . ture 

b. / ComE>are with reconmehdatlons 

(1) Should not i^xceed 400 to 600^F for matched- 
package units or 600 to 700*^P for conversion 

■f^/' *■ burif^ere . Z j*^-^ --*' 

(2) jBxc^sslv^ firing generates too much energy 
for/heat exchanger, poor efflcieiicy^ 
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NOTES 



III. 



IV. 



Connerclal oil-fired boiler 

^A. Recononend maintenance by skilled technician: 

1. Clean heat transfer surfaces, flue passages, and 
p:>urner\ Seal any air leaks. 

2. Confirm thit^ the nozsle is recommended by manufac- 
turer. 

3. Confirm that the oil fired is suitable. ,^ 

4. Check manufacturer's recomnended oil temperature 
or viscoaity range 

B. Discuss £PA air adjustment technique 

1. Similarity .to recomaBiendations for residential units 

2. Establish smoke-C02 plot at maximum firing rate 

3. Adjust air setting for CO2 about ^% lower than V 
kn^e value 

4. Compare results with standards 

a. Sxnoke level below "maximum desirable" 

b. CO2 level at 12% or highet 

c. Differences caused by poor atomlzation or fuel-air 
mixing 

5. Special adjustments for modulating burners 

a. Apply above at low-firing and intermediate firing 

b. Optimum air setting at low- firing has lowpr CO2 
than at high-firing' 

6. For gas firing 

a. CO2 ievel will be lower 

b. Check CO reading 

c. Set to be below 400 ppm ^ 

7. Check stjack temperature 
Industrial boiler adjustments / 

A. Describe how proper maintenance and adjustment for lowest 
practical excess oxygen can achieve 

1. .BASuced NOx emissions and ' 

2. Xnqproved overall thermal efficiency 

* a. As excess oxygen deduced in coal and oil-fired 
industrial units, "smoke limit" or "minimum O2 
level" is reached 
b. As excess oxygen reduced on a natural gas- fired 
unit, a "CO limit" or "minimum O2 level" i* 
reached (400 ppm CO) 
Describe that lowest practical excess oxygen is greater 
than the minimum exceds oxygen to accoxmnodate t 
1. Rapid burner, Biodulation 
. 2, "Play" in automatic contifols 

3. variation in ambient conditions (mainly atmospheric 
pressura, if boiler roott prbvides constant tempera- ^ 
tura and shieldln^r from ambient wind) , and 

4. Variation in fuel properties 
Review NOx conttol through reducing excess aii^ 
1. HOx f ron coal combustion is very sensitive to excess x 

oxygen ^ 
2'. NQx firom fual oil conibustlon is sensitive to excess 
oxygen, and ; \\ 
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4. 



5. 



NOy from natural gas combustion Is lower than from oil 
or coal and is less sonsltive to excess oxygen 
Fuel NOx is very sensitive to excess air (example: 
coal and fuel oil units) 

Ihermal NOy is not always reduced with less excess 
air (exanv>let NO^ from natural gas units may increase 
with decreased excess air) 
Descrlba TeatUlfds of the EPA step-by-step boiler adjust- 
ment procedure 

1- Differences between this procec^re aiit& those 
for residential and comnercial units 

a. Sophistication of combustion control and safety 
on industrial units 

b. Instrumehtation (continuous monitors for excess 
02 or C62, CO, NOxr opacity, and stack tempera-- 
ture) , 

c. iiqportance of^ san^jling site for representative 
N measurement and 

d. Boiler load characteristics requiring 
siderable burner modulation 

^' 2. Compare '^minimum O2" level with 
typical values 

a. Too high a minimum value results from burner 
malfunctions or other fuel or equipment-related 
problems «md 

b. Many bxhrners exhibit higher "minimum O2" at lower 
firing rated ^ 

3, Thermal efficiency "is increased 
a. Care should be exercised 4o 
and smoke 
Industrial boiler design changes • 

A. Manufacturer may adopt design modifications for NO^ con- 
trol which will provide 

1. Lowering of excess air and Improved boiler efficiency 
Staged combustion with lower boiler efficiency 
Reduced combustion air preheat temperature with 
reduced boiler efficiency 

Flue gas recirculation with a small degradation in 
efficiency 

Give an example of the influence of staged ooi^ustion 
(from 40,000 Ib/hr water-tube boiler), , 
1. Special secondary overfire air ports (Np^ ports) 
irated with less than stoichiometric 

[and air velocity of ports importemt 
NOx control 
ficiency reduced usually 

>f reduced combustion air preheat temperature 

asing natural gas or No. 6 fuel oil) which is| 
Effective NOx control for gas and oil 
Not effective for NOx control in coal-firing (unless 
high excess air is required) 
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Combustion Hodlflcatlon 



NOTES 



3* Typically lower thermal efficiency since flue gas 
temperatures increase when air preheaters not used 
D. Give an example of flue gas recirculation (FGR) 

!• An effective technique for NO^ control, particularly 
for natural gas fuel 

2. Effect depends on the percent of flue gas recir- 
culated 

3. Delivered with the primary air, the secondary air, 
or the total air, appear 

combustion equipment 

4. »May' not be the oost-effect method of NO^ 

control 

VI, Utility boilers 

A. Emphasize that NOx control effectiveness varies with 

1. Furnace characteristics (size/ shape, and operational 
flexibility) 

2. Fuel/air handling systems and automatic controls 

3. Operational problems resulting from combustion modi- 
fication 

a. Emission of other pollutants (CO, smoke, carbpn 
in f lyash) 

b. Onset of slagging and fouling 

c. Incipience of fleune stability 

B. Describe combustion modification examples 
utility boilers 
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for gas- fired 
the easiest to control by 



1. Produce only thermal NOx, 
combustion modification ^ 

2. Low excess air, routinely used in gas-fired utility 
boilers for NOjj control whose 

a. Reduction depends on furnace design and firing 
method 

b. Flame stability is not a serious problem 

c. Sllc^ht increase In thermal efficiency is generally 
noted V. . ^ 

3. Flue gauKi recirculation (up to 20%) produces sub- 
stantial NOx control (20 to 60%) 

4. Overflre alr^ biased firing^ bumers"*out-of-8ervlce are 
effective techniques for achieving NOx ^^^^^^^ 
off-stolohlometrlc conbustlon 

5. Larger units produce more NOx because of higher com-* 
bustlon tesperature 

C. Describe combustion modification examples for oli-flred 
utility boilers using 

1« Fuel NOx# iBBportant part of the total NOx 
Low excess air, routine in oil-fired burners 



2. 



3. 



4. 



for NOjj control * 
Overflre air ports, an accepted technique for provldlW^ 
two-stage oonbvwtlon In wall-fired units r 
Burners-OUt*-of-servlce in the ppper part of the 
firing p4ttem, used for NOx control In wall and 
tungentlally fired oil units , 
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NOTES 



6. 



Two-stag^ combustion with flue-gas recircjlilation 

a. Gives NOj^ reductions of 40 to 60%y but 

b. May require de-rating to be successful 
Larger 'units do not appear to produce more NOx 



D. 



(fuel NOx rather than themuji NOj^ in oil-fired 
units) 

7. Flame stability problems occur with flue-^gas recir- 
culation ^higher biirher velocities) 

8. ' Boiler cleanliness problems (deposits in the radiant 

section) can . Increag^ '^NO^ by 50 ppm 
Describe combustion modification exeunples for coal-fired 
utility boilers whose 

Fuel-bound nitrogen accounts for up to 80% of the 
NOx fi^om burning coal ^. 
Wall-fired ^rners obtain reduced NOy through modi- 
fications such as 

a. Low excess air 

b. Staged firing 
jc. Load reduction 

d. Flue-gaS recirculation, which is much vj^ess etfecT- 

tive with coal-Mring. than with oil or gas 
Tangentially-firQS.bbi 
fired boilere^ith 

a. 6ff-stoichi6metiMc filing, effectiW for NOx con- 
trol 

b. Fiwl-rich burner conditions which can produce ex- 
cefihsive sjjK^ke and CO and flame Ifistability 

4. Flue-gas treatment may be a potential NOx control 
technique, for coal bombustion in the future 



3. 



)iier8 emit less NOx than wall- 



NOTE: 



niese teqhniques were discussed in Lesson 27. 
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LESSON PLAN 





TOPK^: W%^te Gas Flares 



COURSE' 427, Combustion Evaluation 
LESSON time: 60 min. 



PREPARED BY 

P. A. lachetta 



DATE 



Aug. 1978 




I 



Lesson Number: 29 



Lesson Goal: The goal of this lesson Is to provide the student with engineer-*^ 
Ing Information on the application of flares to control hydrocarbon and 
toxic gaseous emissions. 

Lesson Objectives: At the end of this , lesson the student/wlll be able to: 

calculate the carbon-to-hydrogen ratio of a waste gas stxream and deter- 
mine when and how much steam will be required for smokeless flare operation; 

understand the difference between elevated and grouhd-level flares and 
the design considerations which underlie the choice of one or the other; 
and . ^ 

describe provisions for leveling waste gas flow rates from Intermittent 
sources. 

Student Prerecpilslte Skills: Course 427, Lessons 3, 5, and 7. 
Level of Instruction: * Undergraduate engineering or equivalent 



ri^ctio 



Intended Studdnt Professional Backgrounds: Engineers, technical staff, regu- 
latory officials, arid others who work in combustion-related areas of air 
pollution controls 

Support Materials and Equipment: 

1. Slide projector 

2. : Slide set for Lesdon 29. 

Special Instructions: Optional Topic 1 . 
References i 



!• Coaibustion Evaluatibn in Air Pollution Control catiapter 14. 



( 

SLIDE NUMBER TITLE OF SLID E 



LESSON 29: WASTE GAS FLARES 



A27-29-1 GAS PROPERTIES RE-FLARING 

A27-29-2 GAS PROPERTIES RE-FL^BlG 

A27-29-3 SMOKE TENDENCIES, ACETT^ENE 

427-29-4 SMOKE TENDENCIES, PROPANE 



427-29-5 SMOKE TENDENCIES, ETHANE 

427-29-6 SMOKE TENDENCIES, H/C >^ 0.28 

427-29-7 ^ATER-GAS REACTIONS 

427-29-8 STEAM REQUIRMNTS FOR SMOKELESS FLARE 

427-29-9 JOHN ZINK SMOKELESS FLARE TIP 
427-29-10 , CROSS SECTION OF A SMOKELESS ^ARE "BURNER 

427-29-11 V FLARE TIP WITH INTERNAL STEAM INJECTION 

427-29-12 ' SINCLAIR FLARE BURNER 

/ . 

427-29-13 ESSO TYPE BURNER 

427-29-14 MULT.ISTREAM-JET BURNER 

427-29-15 MULTIJET-GROUND FLARK 

427-29-16 VENTURI-TYPE FLARE 

427-29-17 WATER SpRAY TYPE GROUND FLARE 

427-29-18 NUMBto OF PILOTS REQUIRED 
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CONTENT 0 




Course - 427, combustion ^^r»lwltior> 
Lecture Title: waste Gas Flares 



Km) 



T 



Introduction 



II. 



State lesson objectives, ' 

Discuss the general background of flare combustion as 
an air quality control methc^^ 

1. Flares are used to dispose o^ waste gases 

2. Gases which may be flared: 

_Need concentrations ^greater than the L.F.L. 

b, fjj^rticulates can be dangerous; discuss why and 
how 

Various Flare Designs 

A. Describe the types flares 

1. Pit type, usually not desirable 

2. Ground-level flares v 

" a. These are usually limited to lower molecular^ 
weight gases 

b. vTtiere is a need for thermal radiation shielding; 
describe it 

c» Operational features, > such as relatively easier 
maintenance and less visibility can«b^^ had with 
some flare designs 

3. Elevated flares are used with heavier molecular 
^ weight gases 

a. Wie elevated flare also is used when combustion' 
products are relatively undesirable 

b. Flare elevation reduces or eliminates the need 
for thermal radiation shielding— an economic • 
advantage 

4. Hie use of water-surge tanks to dainpen flow fluc- 
tuations 

B. Describe flare combustion characteristics 

1. The in^rtance of the H/C ratio for smokeless opera- 
tion should be einphasized 

a. H/C > 0.28 requires no steam 

b. H/C < 0.28 requires ste2un for smokeless opera- 
tion 

2. Water gas or shift reactions 



HjO 



CO 



H' 



C ^ + 2H2O 



niare are Idmltations pn tl^e* use of liquid water 
sprays instead of stean^^ 

lha conditions governing \he use of steam should be 
evaluated \ 

Ihe importance of H/C ratio should be restated 
The degree to' which hydrocarbons may^be 
saturated or unsattirated should be mentioned 



4 



b. 



"'TJg-a 
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NOTES 



c. ^Examples are: 



ethane, ^2^' single bonds for carbon, 
saturated with hydrogen 



H H 

I u 

H — C — C — H 

^.1 1 

H H 



C2H6* 
I 



and crthylene, C2H4,' unsaturated as indicated by 
a double bq^ r 



H H 

I I 

c - c 

I » I 

H * H 



C2H4 



d. Conditions for mlnlnuin steam must be noted. 
Die details of various flares, ^otlng that steam 
can be Introduced In many different 
ways / • I 

a. ^ Slides 427-29-6>*irpugh 427-29-10 Illustrate 
-\ various arreu>^^ent« 




b. Light gases (H/C > • 28 or CO rich) can be 
flared in either a venturi or a mul'tijet flare 
arrangeiDent 

c. Hater sprays can be used with heavy galkes in 
ground flares 

d. A range of Xlare diameters should; be given 

e. n\e nuniber yof pilots ^quired is a functibn of 
flare diameter 

t. Otie allowable radiation of 1,000 Btu/ft^hr can 
be usedr a& a desigri; criterion 

(1) Usually solar ^nj^ut of 300 Btu/ft^hr has to 
taken into account 
Noise t^totjlems arise both from combustion and the 
use -of steam* < 
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LESSON PLAN 




T6pIC: Municipal Sewage Sludge 
Incineration 



COURSE 27, Cottbustion Evaluation 
LESSON TIME; -50 min. 
PRERAREO BY: DATE 

J. T. Beard Aug. 1978 

# 



Lesson Number: 30 . j 

Lesson Goals The goal of this lesson is to provide the-studertt 
aboul: the design, operation, and air pollution emission^. J^TC^In 
incinexa^ors. 



\9^^i 

\ sewa^ 



information 
e sludge 



/ 



Lesson Objectives: At the end of this lesson the student will^be able to: 



list and discuss the aii^ pbl^lutants emitted in the incineration of 
sewage sludge; 

describe ^thQ special design features required for 
sewage sludge fuel; * 



burning wet 



describe the coxribyi^tion-related activity "bccurring in eadi-^^dr^ the four 
zones of the multiple-hearth sewage sludge incinerators; 

discuss the options of conibustipn air preheating, flue gas reheating, 
and energy recovery; and 

list two in5K)rtant operational problems ^ich can adversely influence^ \. 
air pollution emlssiotns. 



Student Prerequisite Skills: Course 427, Lessons Number 23 and 26 

Level of Instruction: Undergraduate engineering or equjLva^dnt 

■■ . \ ■ ' ' \^ 

Intended Student Prof esslonai Backgrounds: Engineers, technical stsff, regu- 
latory officials, * arid others Who work in combustion-^^related areas of air 
pollution cohtrol. - ^ , s 



Support Materials and Equipment : 

1. Slid4» projector 

2. Slide set for Lesson 30 



References: 

/ 

1. Combustion Eval uation in Air Pollution Control , Chapter 12. ^ 

~* — ' — ^ * ^ 

2. "Air Pollution 'Aspects of Sludqe Incineration/' KPA Technology Transfer 

Seminar Publication, EPA-625/4-75-009 (June 1975). 

3. Petura, ci , •'Operating Characteristics and Emission Performance of 

Multiple Hearth Furnaces with Sewer Sludge," Proceeding of 1976 
National Waste Procqrssing Conference , ASME, pp. 313-327 (May 1976) 

4. Rubel, F. N. , Incineration gf Solid Was£es , Noyes Data Corp. Park 

: _ _Ridge:^N . J , \ 1974 ) . / . . 
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, LESSON 30: MUNICIPAL SeWAGE SLUDGE IIICINKRATTON 
TYPICAL SECTION OF A MULTIPLE-HEARTH SLUDGE INCINERATOR 
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MULTIPLE-HEARTH FURNACE FOR INCINERATING MUNICIPAL SEWAGE 
SLUDGE ^ 
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SINGLE HEARTH SLUDGE FURNACE ' 
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CONTENT OUTLINE 



Course: 
Lecture 



Title 



427 r ConibuBtion Evaluation 
1 • - 



Municipal Sewage Sludge 
Incineration 



Introduction * 

A. State the lesson objectives 

B. Incineration is an acceptable method for sludge ^ 
reduction to produce « 

1. Steri4.e landfill material 
2« Odorless emissions 

Particulates may be controlled to the New Source 
Performance Statndards (1.3 lb/ton dry sludge input) 
by using either^ 

1. Venturi scrubbers with approximately 18 inches of 
water pressure drop 

2. In^ingemer^t scrubbers and automatic control 
(sensing auxiliary fuel burners or 

3. Electrostatic precipitators 



Page^ of fiJ 



NOTES 



i 



II. Municipal Sewage /Sludge 

A. Describe coi^positlon and give examples of 

1. Moisture content 

a. Varies with ratio of primary to secondary treat- 
ment 

» b. Varies with drying equipment 

2. Combustible materials ^ 

3. Dry heat content 

B. May contain metals, potentially hazardous air pollutants 

1. Give examples which are converted to oxides and 
removed with ash or particulates (cadmium, lead, 
magnesium, and nickel) « 

2. Describe special problems of mercury 

a. Provide an example concentration (5 ppm) 

b. Decomposes to mercuric oxide or metallic mercury 
in high-temperature regions of incinerators 

c. Give an exanqple of removal by scrubbers 

d. State the hazardous pollutant standard limiting 
mercury from incineration and sludge drying 
facilities (3,200 g/day) 

C. Discuss toxic pesticide content, as well as other organic 
con^unds, such as PCB's 

1. Give em example concentration (1.2 to 2.5 ppm) 

2. State influence of combustion temperature on 
decon^sitibn ^ 

a. Up to 95% at 700^F 

b. Total decomposition at IrlOty^F 
III. MulCiple-Heaicth Furnaces 

A. Describe history of use 

1. Current design, an adaptation of the Herreshoff 
^ design of 1889 

2. Previously use4 for roasting ores 

3. Adapted for seiwage sludge in 1930*8 

a. Oil-fired auxiliary fuel 

b. Man\:|al operation controls 

4. Itet scridlUMrs adde<l in 1960 *s ^ 

5. Autosutic controllers r inq?roved in the 1970' s 

B. Describe typical design features 

1. Cylindrical refractc^ry linett shell % 



J 



v 

\ 
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V. 



See Attachment 
12-1, Chapter 
page 12-10 
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D, 



E. 



ERIC 



Multiple (5 to 11) horizontal refractory hearths 
Mechanical stokiny produced by motor-driven revolving 
central shaft: ^ 

a. Typically, 2 or 4 "ramble" arms for each hearth 

b. Central shaft and "ramble" arms, air cooled 

c. "Ramble" teeth (similar to ploughs) agitate the 
sludge material and move it across hearth to 
openings for passage to the next lower h^earth 

d. Plowing breaks up lumps and exposes fresh area 
to heat and oxygen 

Excess air, between 50 and 125% 
Dt^uss temperatures and purposes of each combustion zone 



1, brying zone 



a. Moisture WBuced to 45 or 50% 

b. Sludge temperatures raised ^l^omp^ ambient to 160^F 

c. Gases cooled to around 850^F 

d. Typically no odor problem because of low sludge 
temperature 

Volatilization zone 

a. Distillation of volatiles 

b. Combustion of gases, yellow flame 

c. Temperatures 1,300 to 1,700^F 
Fixed carbon burning zone 

a. Short blue flame 
Cooling zone 

a. Cooling ash heats combustion air J 



on Combustion 



Discuss influence of moisture 
requirements 

1. Give an exanqple of the influenpe of moistjire con- 
tent on combustion temperature f 

2. Give examples of influence of moisture andJfeed 
rate on combustion zone location 

a. Feed rate or moisture reduced, combustion region 

may move to higher hearth 
-b. Feed rate or moisture increased, combustion 

region may move to lower hearth, because longer 

drying time 1? required 
c. If combustion zone drops too low, auxiliary 

fuel must provide energy to control comhtus- 

tion zone 

^State that instrumentation and combustion control systems 
may include 

1. Teii\perature-lndicating controllers 

2. Prpportionate fuel burners .(with electric Ignition) 

3. Ultraviolet scanners 

4. Motorized valves in air headers^ 

5. Automatic draft control 

6. Flue-gas oxygen analyzer driven controller V 1-^ 

State that cooling air (at 400^F) from centj^ shaft 

and "ramble" arms may be used as fff^ 

1. Preheated combuadLon air 

2. Reheat energy toyiid in dissipating the plume 
associated with the wejb sorul^rs 

Describe waste heat recovery designs 
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CONTENT OUTLINE 

CourSB' 427, Combustion Evaluation 
, ^ -r'A, Municipal Sewage Sludge 
Lecture Title. incineration 



IV, 



1. 
2. 

3. 



« 



H. 



Contoustion air preheat 
Building environmental control or 
•niermal conditioning of sewage sludge (to reduce 
moisture and save fuel costs) < 
Review methods for controlling air pollutant emissions 




Insufficient combustion air results in smoke, 
emitted from furnac^ doors as well as stack 
2. . Plugged scrubber plates will cause restriction of 
' gas flow 

3- Venturi scrubber recommended 

4. Auxiliary fuel burners for combustion temperature 

5. Sludge dewatering for combustion temperature 

6. Afterburner for 

a. Plume dispersion 

b. Odor control 

Other municipal sewage sludge IncineraMon equipment 

A. Mention, as an example, the design of small single- 
hearth sludge furnaces 

B. Discuss the typical design features and emissions 
control of f luidized-bed combustion units (reactors) 
I* Fluid bed where fuel, sand, and residual inorganic 

materials arto intimately mixed with air (resembj.es 
boiling agitation) 

2. Thermal oxidation (at 1,200 to 1,920^F) with no 
flame, bed may glow 

3. Fluid bed volume of adequate size to act as a 
stabilizing heat sink 

4. Disengagement zone above fuel bed which permits 

■ larger solid particles to settle out before exit- 
jlng with the flue gases 

5. Scrubber required for particulate control \ 

6. Operating temperatures emd excess air ar§ low so 
that NOx formation is modest 

7. Also demonstrated with 'wood waste and with liquid 
chemical to produce hot gases for steam generation 
in recovery boiler 

C. Mention that co-firing of municipal Solid waste with 
sludge has been proposed as an acceptable combustion 
plan having improved economy. 



/ 
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i Post- 



Tost 



.COURSE: 427, Combustion- Evaluation 
LESSON TIME 60 min. 
PREPARED BY: DATE 



J. T. Beard 



Oct. 1978 




Lesson Nuniber: 



31" 



Lesson Goal:' Tlie goal of the Pre-Test and Post-Test is to meas.ure the effec- 
tiveness of the training program in teaching the participants the instruc- 
tional objectives. 

» 

Lesson Objectives: At the end of the time periods for the Pre-Test or the 
Post-Test, the student will have: 

determined to the best of his or her abilitiy the correct answers to the 
50 qtI§stions on the test; j 

worked the test independently without assistance from other persons, 
from personal notes ; or from other course or text materials ; 

marked his or her answers on answer sheet, signed tl^e answer sheet; and 

handed the answer sheet to the course moderator. 

Student Prerequisite Skills: Air Pollution Training Institute Coarse A52 or 
equivalent experience » and one of the following: college level training 
In physical science 9 englneerlng> or mathematics. 

If 

' LQvel of Instruction: Undergraduate engineering or equivalent. 

Intended Student Professional Backgrounds: Engineers, technical staff, regu- 
latory officials, and others who ^ work in combudt ion*- related areas of air 
pollution control; 

Support Materials aftd Bquipment : 



Multiple copies of Pre-Test and Post-Test, including the attached tables 
of property values ^nd answer sheets, for distribution to the students 
at the beginnihg of the testing per iqd. 

■ J • - • ... V 

Special Instructions: . . ' 

Advise the Students that the tests are timed, closed-book tests, and that 
only the completed^nswer sheet is to be handed in at the end of the test 
time peridd.^' " . ^ ■ ^ ' ' ■ . \ .-'C^' 
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m 

#The Pre-Test measures th6~^'studGnts ' entrance level of knowledge iibout 
Combustion Evaluation in Air Pollution Control; and the Post-Tost measures 
the students' knowledge at the end of the cour^.e. A r(>m[)ar i son of the 
students' grades on the two tests will indicate the kvirning that lia.s 
been achieved during the training period. 

• A completed answer sheet is included in the lesson plan to aid the courso 
moderator in grading the te^ts. At the end of the tests the moderator 
may post the answer sheet for the benefit of the students. 

Reference: None ' I ' 




ANSWER SHEET for Pr«|-Te«t 

#427 — CoiobuBtion Evaluation 



SCORE FOR PRE-TEST 



Name 



Part 1 True-Falae 


Part 


I. rrf F 


1 7 . 


A. T IJjf 


1 M . 




V). 




20 . 


!>. T 


21 . 




22. 


/ . |y F 


/ J . 


B. T 


24. 


9. T 




10. ^ F 


Part 


Tart 1.1 Multiple Choice 





1. a rb| c d 

2. a b d 

3. ^ b c d" 

4. a b ^ d 

5. a b d 



6. a b c 

7. b c ,d 
0. a b c 

. 9. © b c d . 

10. a b c 

11. a b c ^ 

12. a;, b c Q 

13. a b ^ d 

14. a b C ^ 



15. a b 



16. a b 



0 



l4 




Part J l ((.ont inupd) 
a b c 

a ^ < x^l 

a b ^ 

a b c @ 

a ^ c d 

a b c 

a c d 

III Fill in the 

IOQOF 

'X' 1,000 Btu/ft^ 



3. 



84% ± 5% 



4. a utility or industrial power plants 
b diesel engines; gas turbines 

5. a nozgle — (is it appropriate?) 

b oil (is it appropriate? wha ^t T?) 

6. a sulfur; nitrogen; 

b Ash; vanadium 



7. steeun injection 



Part IV Problems 
1. 2.38 



ft- 



2. 25,000 
3. 
4. 



674 



5,8oV 



5. 



22 



_ ft3 
J gal/hr, 

Btu/lb 

% 



#427 — COMBUSTION EVALUATION IN AIR POLLUTION CONTROL 

PRE-TEST 

NotervThe entire test is closed book. Each answer is worth 2 points 
Enter all answers on the ANSWER SHEET provided. 



Part I 



True-False 



Note : 

1. T F 

2. T F 

3. T T 

4. T F 

5. T F 

6. T F 

7. T F 

8. T F 

9. T F 



10. T F 



For each of the following statements, circle on the answer sheets 
the letter T if the statement is True or the letter F if False. 

Good combustion, with minimum oxygen and no CO in the flue gas implies 
maximum thermal efficiency. 

A gas flame is likely to develop a yellow, tip with increased percent 
premix. i*> 

ExceS air can be used to contrbl furnace temperature. 

The use of v^ater walls in a furnace 'permits reduction of excess air 
relative to a jrefractory-wall furnace. . ' ' • > 

Most gas burners can easily handle a wide spectruiji of gaseous fuels. 

Thr difference between the higher (gross) and the lower (net) heating 
value of any fuel is the amount of heat lost to the surroundings of 
the combustion installation. 

At^ chemical equilibrium the forward and reverse reactions are equal 
with the net effect of no change in the amounts of reactants present. 

The region of stable flame operation is unaffected by the fuel gas 
flow rate through a burner. 

Furnace volume required for burning gaseous fuels is generally 
higher than for the more dense fuels, such as oil or coal. 

Blue flame is characteristic of burning gaseous fuels , with a high 
degree of premix of th« fuel and the air! 



Part II Multiple Choice 

Note: Ther^ is only one "best answer." Circle the proper letter on the 
answer sheet . 

1. The major limit on the rate of combustion of a fuel oil is ^ 

a the rate of mixing of the air and fuel vapo^ 
b the rite of vaporization of the oil. - 

c .t^d rate of diffusion of Oj to the surface of the droplet. 
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^ 1 

I 



2. Cqpbustion rate is influenced by the temperature as expressed by 



a Charles' Law. \ v " , 

b Dal ton 'a Law. * 
c the Arrheniu5^ Equatiort. / 

■> 

3 J The heat content or enthalpy of a material is 

a the sxim of ae'naible and latent heats above someT«erence 

condition. v 
b' the sum of gross heating value «md the sensible an/fl *^latent heats 

above a reference value. ' ^ 

c ^lie^ sum -of the available heat and the sensible and latent heat 

above the reference value. 

•• * * 

4. As the temperature of a fuel oil increases - 

a the fuel oil nuifiber increases, 

b viscosity increases, 

c viscosity decreases. 

* d more pumping energy is required. 

5. f\rhe oil vapor temperature at whifch a spark will cause ignition (explosion) 

is called * \ 

a lower f lammAbility limit. 

b higher fleuranabllity limit. / ' ^ 

c flash point. ^ 

d fire point. : * _ ^ 

6. /6moke may be reduced from a control led-«vir incinerator by^ 

" ''^ ■ . , ' ' 

*^ a opening the chargfing door. 

h adding moisture to the charge, 
c increasing the fan speed. 

d reducing the charging rate and^ air velocity. 
?• Sulfur from fuel oil combOtstlon 

a is shifted more to SO3 with higher excess air 

b is emitted ^inly as SO3 mist. _ 

c> does not contjitibute to the heating value of the fuel, 

d is deailrable becau&e it. kills gerrns. 

8, Catalytic dissociation *. - 

' a is recoimnehded for controlling NOjj from coal furnaces, 

b requires ain oxidising atmosphere. 

c requires a carefully controlled high gas temperature, 

d requires a reducing atmosphere. 



9. 



10. 



11. 



y 



The theoretical minimum flue gas temperature wljich can be achieved from a 
boiler producing 500^ steam, which has a preheater and an economizer, is 

H 

a - aihbient temperature. 

b 50D^F. t 
c 1,OOO^F X efficiency • 

d SOO^F X efficiency, ^ 

Improper operation of a natural gas fuel boiler is indicated by an instrument 
readir^g of 

a 10% ©2 i\ the flue gas. 
; b in \he f lu^ . 

c opacity of >30%. 

d all of the afcove 

Which of the following 'ffenm^as would you^use to calculate (at constant 

pressure) a volume change in flue gases due to ^hanges in flue gas temperature? 

1 



13. 



Q = Sp. heat K lbs (Tj - T^) 
HA 



b -THA^ =t HV 



HV, 



Vf-^;,^ V2 



t = centigrade temperature 

1 ■ 



'absolute temperature 



12. Flue gas oxygen conten 




on cont^rol variable . ^ 
a sy^em simultaneously burns 



a nvay ^be . used as a co 
• is particularly useful 
multiple fuels. 

- c can be used in the place of CO2 to monitor combustion, 
d. all of the above. 

A certain mass of methane occupies 100 ft^ at 6OOF and 1 atm. pressure. 
The temperature and pressure of this gas iA raised to 580^ and 2.5 atm. 
The volume of methane at the final conditiohs is 



a greater than 100 ff'. 
b equal to IQO ft^. 
c less than 100 ft^. 
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14. The volatile matter in solid fuel has the greatest influence on which of 
the following? 



a total air required. 
^ b fuel bed thickness* 

<: combustion ten\perature . 
overfire air. 

15. Water injection is an effective NOj^ control measure for gas turbines because 

a gas turbines operate at higher ten^ratures than fjarnaces. 

b water is cheap and weighs about the same as oil . \ 

c water acts as a heat sink. 

. d water helps to wash away the soot. 



16. Plue gas recirculation generally 

a improves the thermal efficiency. 

b increases the combustion temperature. 

c reduces the combustion temperature. 

d is more effective for fuel NOj{ than for thermal NO^^: 

y 

17. The effect of a substantial increase in the fjiel moisture content 

a reduces flame teirqperature. 

b - reduces "energy utilization in the radiant boiler section, 
c reduces rated unit capacity, 
d all of the above. 



18. Multiples-chamber incinerators operate with 
control led-^air incinerators. 



excess air# compared to 



I 3 



a less^';_^ 

' b ' more* 

c higher tempei^^ure ^ ^ 

d lower velocity • ' ' 

19. Combustion in control led-air incinerators occurs 

a with lower temperatures than in multiple-chamber units, 
b witji low^ velocities, 
.c with three stages of combustion. 

d with more particulate emissions tlian a municipal incinerator 
equipped 'with a water- spray device. 



\ than 



20. Most toxic and hazardous chemicals 



4 

a caijnot be disposed of by incineration. 

b have general-purpose incinerators available for their destruction, 
c require apecially designed incinerators. 
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21, Afterburners are operated at less than 25 percent of LEL concentration of 
combustibles 

a to avoid excessive temperatures, 
b for safety reasons, 

c due to availability of low-cost fuels,^ 

22, A flue-fed single-chainber incinerator with an afterburner on the.xoof , in 
comparison to a control led-air incinerator 

a has less fuel required* by the afterburner, . ^ 

b needs a larger fan. \ 

^ c has lower average air velocities^ \ 

d uses more overall excess air. 

23, Steam-atomizing nozzles may be converted to air-atomizing nozzles 

a because air is so economical . 

b if the fuel temperature , and viscosity ar^ appropriate. 

^ c if the nozzles get dirty. . 

d only in commercial-sized oil-fired units. 



24, El-factors 



are useful in calculating concentrations from new stationary 



sources. 

b do not require actual air-flow and ^uel-f low values 
c do require correction for excess air. 
d all ^f the above. 



X - 

9R. The emission factors # sucm 



25, The emission factors, su6m as those given in AP-42, ^re 
0 a exact for each type of source indicated. 

) b the average emissions from a collection of similar sources 

• c valid only for new equipment, 
d all of the above* 

Part ill Fill in the Blanks • • - , 

1. state the typical flash point for ^ No. 2 fuel oil: °F. 



Give a representative value of the heat of combustion for a natural gas: 

Btu/scf . 



3. State a typical percent^age by weight of methane in natural \(as : 



% 



-JT" 4 List two of the three ma^ijor stationary sources of Upx emissioi^s: 

a. • ' V- - \." 



" — ' — ~ — ^ 

b 



A 
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5. Uat two important features that should be checked during maintenance of 
conmercial oil-fired boilers: 



a 

b 



6. List two chemical constituents in a fuel which influence the air ^llutants 
formed t 



a 

b 



7. The water-gaa reaction in -flare combustion is achieved by - - - - • ' . • 

Part IV ProrijjlLems 

1. If one ft^ of hydrogen at stemdard conditions requires the oxygen from 

2.38 ft3 of air for complete combustion, the air required^o burn one ft of 
COiwill be: ' ft^. ^ 

2. For hogged fuel having 5,000 Btu/lb as-fired heating value, calculate the 
furnace volume required to fire ^0 ton/hr if a reasonable design is 20,000 
Btu/hr ft^: ft3. 

3. If the energy output needed is 75 x 10^ Btu/hr, calculate the required oil- 
burning rate if API 10-degree oil is burned with an overall thermal effi- 

' ciency of 72%: ^ galAr. 

4.. If Dougias Fir has ajdry heating value of 9,050 Btu/lb, calculate the Af- 
fixed heating value if the moisture as-fired is 35.9%: ^ — Btu/lb 

5. Determine the excess air percentage for a fuel combustion process whose 

Orsat • analysis of the flue gas is 9% COj, 5% Oj, and 2% CO: ' " 

% excess air. 



(0- - 0,5 CO ) X 100% - 

%EA . P — 

0,264 - (0, - 0.5 CO . 

2p 2p p) 



25€ 
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JVttachment 3-1, Analyses of Samples of Natural Gas- 



Sample No. 
S<Nirc« of Cai 



Aiiiilysrs 

CdiisUIiumiIs, % by vol 

II, ll>iln>K<^n 

C,Mq Ftlmne 

(!inlM)ii (lioNkU- 
( )\y^tn 

SiiUni 

()\y)',iii 
Sjuvilu* giavily (it'l to air) 
lliglirr vnliu* 

IHii/il) of flK'l 



CO 
N> 

s % 
II., 

< 

N, 
(>." 



1 

p«, 


2 

.So.Cal 


3 

Ohio 


4 

La. 


5 

Oklii. 






1.82 


* 


1;- 


8:3.40 


84. (H) 


1)3.33 


0().(K) 


84.10 






0.25 . 






1.5 80 


14.80 




5.00 


6.70 






0.45 








0.70 


0.22 




().80 


0.80 


O.'SO 


3.40 


.').(H) 


8' 40 






,0.35 










0.18 










0..34 








2).'10 


23 20 


2208 ' 


20.8.5 


75.25 


74.72 


Q9.I2 


. 00.20 


04.84 


1.22 


0.70 


5.76 


B.06 


12.00 




1 22 


1.58, 




141 


0.636 


0.030 


0..507 


O.OOO 


X),030 


1.121) 


1.110 


{MM 


l.(M)2 


074 


23.170 


22,904 


22,tt77 


21,824 


20,160 
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Attaclunerit 3-3, Detailed Requirements for Fuel Oils 



fiM. .r,iM. •'^'^ . . 



100 F 



122 f 



At 100 P 



Ai t 22 F ! 



j A ^itWol»«;iml««Mi«d vapor- . 100 

. 

I Adiiitll«ie*Jf f »»*rel pvf^t , 100 Qr 

N». 3 diwiitk H^etiAf Ipr um {« bum*ri j I«q«I 
r«^)nf Mo. 1 fMf M 
/ . I 

; An •14. for b«#f«Mr InitftMoli«ni Ml > I SO Or 

Np, 4 t««ip9«d with pr«h«oiiA« loci* • Itool 

I 

" I A i9lMw#l-»Yf»« iOi* fof bwwf *«• : ^ 1 10 



0 



20* 
20 



, An •<! fof VI* AqMpptd 
H#. 4 ' pi«K««i«r» p«rmiH)no « hiQh> 



Mob 
iroc* 



OlO 



!.00 



■ 0.»5 



0.35 



MoR - M«« Max Mm M«a { Mh* M«a Mjft ^ M«m 



Ms* M«i Mm M«a 



1 50 



i 2.00^ 



0.10 



0.10 



420 550 



^ I 440' 540' 37.f1 32.4 



125 



" ttc»fnii«««t *K« MCMiily !•« low i»llvr1v«l O^U wMd in c«4mi«<iica with Kvoi ir«oim*ni, 
IWd III sccMd^nc* w{ih m« loX«winQ loM*. 

. * 

Or«d« of Oil 

No. I • 

■ No. 2 ....... .'. 

Mo. 4 ... - 

'N«. 5 

No.4 > . / 



45 ! 

I 

\ 



150 



40 



2.2 



.1.4 i 



(3.4r . (2.or 



126.4) (5.1) 



35 



30* 



No.3 



OM) (in: 



300 



45 



1 



<43») i^V 



ftowi m«iol, flou, snd ««'i«mic fvr«>oc«» ofid prt**! ip«c;«l mi, • iwdvr r«^uif«m«#l mmf hm ftp*<{< 




OM^f |«tf«K Umili fn*y b« ip«cilWd o^ly by !»w««cl eoi««fn«ni ^AtwAfii lK* purcKoMr and rtir Mll«r. 

^ H sf cl«»J«t*iipfw l»wl laMur* »»i in««f ony r«^tfk«m«ni • f f f*d« doti nol •wf*it».lk*Hy pl«e» •;! lo tK« Iow*» «r«d« 'ocl «i fwli T«^gir#fPO#ti 

•f itiO (•wOf gi^dOi 

« U»<»f •« MfK«r pMrf Mi^l f^y U ip«clit<wb»i*«v«r r«^vif«d cOfidiik>Ai •! iloi«t« mt H»*-«v«f.lMl« ip«<»n<*llo*»i •»*•« • Uw«» tK«n 0 P wndcf mmy CJ iiim|i]i 

' 10 c«Al dl|lM#HoA ltfiip«i«itff« |>0*ni msy M IM*^*^*^ ' w«iUm*H» f«f vit In m^t tfc«A •t«wfi)«HI bi»m«li. 

• WliMi pfw ^1 rtwn 0 r ii ip«e»ft«d. rti* mlwimim* vUcoiiiy »hiH b« ».| ci jjJ.O i«c. $*yboll Unii»«rMt) pnd lh« HiMmbm fO c«nl p^Mi *>!•« b* w«lv#d. 

/.tb# Tttuni #1 watff by dUI«*iI»« plui rtw Mdimtni by •nuociio^f ^ *«»i t^cood 2.00 c^i«l, ?b« •fUMni •# i»dln»«M by •i^fvscH^ ib«<i ^ p.50 M^«b^. A i^itJtUji to •u«ni?^ 

iIhiH bo M»«d« l«r •!( «^«t«r •nd MdifMAi in «Jictii ^f 1.0 ' ^ ^ 

' in Miftt A»«ib«» CoWomio, N«w«U. Nov^d*. 6#«f«i. U*«K •nd W«dita#4wi. • «M«mhii f »««44y •! 31 d«« AH k ^riinliitbll 
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Attachn«nt "3-47' T^^ Fuel Dlls^ 



> 





N# 1 


1 ^ ^ \ 
fH 1 




Nt 


6 




Pv«f on 


fvtl OH 


M Oil 


f «tt OH 


r«ti OH 




OUttllol* 




VtrV ligM 


II9M ' 




Tvpt 


(Ktroitnt) 


DiiliMolv 


Rtiidual 1 


Rtilduor 


lltfMuol 




iighi 


Ambtr 


»tQcll i 


lldcli 


•locW 




■ ■ 1 
40 


37 


21 


* 17 


12 




0.1251 


01634 


0 927f ^ 


0 957f 


0>^61 


lb p«r U S gallon, 40 r 


6170 


7 706 


7 727 


7.935 


• 2M 


VUeoi . Ctnn«loli«i, 100 f 




26a 


MO 


900 


360.0 




31 


39 


77 


232 




Vitcot . Soybpll fu^pl. 12f f 










170 


^oMf poinl. f , 


ittoN« ttro 




10 


30 


63 


Ttmp lor pumpi»^)i, ' 


AlmoiphtiU 


Atfvioiphtric 


13 Irt'n 


35 m\*>. 


100 


T«mp, Idr otc^iltMy P 


» Almoipbtrk 


Alrriotphfric 


35 win 


130 


200 


Cofbon »«iidy«. ptr (•nl 


Troct 




? 5 


30 


110 




0 1 


04 07 


04 15 


J 0 






0 J 


02 


0 41 


0 70 




Hyif»o^«n^ ptr ctnf 


13 J 


M27 . 


11 f 


11 J 


10.3 


Corbot>. p«r <«nl 


•6 3 


16 4 


t6 10 


•555 


, •570 


l»clim«nl ord wot^i. ptr <tnt 


Troct 


Troct 


iAO 5 mok 


1 0 mo N 


2 0 moa. 


A«h, ptr ctnl 


Tioct 


Tioit 


« 002 


0 05 


0 0^ 


ilM ptr goMon 


137.000 


' 141.000 


^ I46.0<» 


I4S.0OO 


150.0(IN3 



* TtchnUol Irilormolion from HumbU OH 4 Rtrnlng Compony. 
V 
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Attachment 3-5, Gravities, Denaltiefs, and Heats of Combustion of Fuel Oil** 




1.0071 
Ll O 1.0000 



VAl Ut 1. I OM 10 TO «V \U <. API. INCI UMVI , HTPKIH I ID I ROM IU)R I AH Of M ANOAMOS 
M«SCLttANLOUS PUlU K At ION NO. 97, "Till KMAL PROfl KTILS OF ff IK'OLf WM PROOUCIS. 



GRAVITY AT 
60/40 F 



01 T. 
API 



12 
13 
11 

15 

IV 
lU 
1^ 
20 
21 
22 
23 

2f) 
20 
'27 
2« 
29 
30 
31 
32 
33 

y.-> 

37 
3H 

y) 

•10 
41* 

4S 
40 
47 



spfcinc 

CWAVITY 



1.03U 
i;0291 
1.0217 
1.0143 



0.9801 
U.979^ 

0.9725 

0.9059 « 

0.9593 

O.St529 

0.94O5 

U.9402 

0.*)3lO 

0.9279 

0.9218 

91.59-. 
0.9100 
0.9042 
0.89H4 
0.8*^27 
0.mi7l 
0.8810 
0.8762 
0.8708 
U.8054 
^.8002 
0.85SC^ 
0.8498 
0.8448 
0.8390 

0.8343 
0.82*>9 

0.8251. 
0.8203 
0.8155 
0.8109 
0.8063 

,0.8017 
0.7'r72 

^0.7927 
0.7843 
0.7839 



DENSITY 
AT 60 F 



LD PER 
CAL 



8.043 
8.580 
8.518 
8:^7 « 
'<U.397 
8.337 
.8.279 
8.221) 
f..U4 , 
8.108 
8.053 
7 . 99B 
7.944 
7.891 
7.839 

7 

.7.3'J(.,... 

I'^hS ' 
7.260 
7 -2^5 
7.171 
■ 7.128 
7.085 

7 . m 

7.001 

().9(.0 ■ 
().920 

0.879 
6.839 
6.7«9 
• (».760 
i>.722 
6.684' 
<).646 - 
(,.♦•09 
6.. 57 2 
6.536 



TOTAL HFAl 01 COMBUSTION 

(Xl Coit^tont Volum«) 



BTO 

PtR LB 



18.250 
18,330 
.18.390 
'r8j440 
• 18,490 
18,540 
18/690 
lit 640 
18,690 
18,740 
18,790 
18,040 
18,890 
18,930 
18.980 
19,020 
19,060 
19,110 
19.150 
19,190 
19,2.30 
19,270 
19,310 
19,350 
19,380' 
19,420 
19. 450 
19,490 
19,. 520 
19;5(.0 
19,590 
19,620 
19,650 
19,680 
19.72P 
19,750 
19,700 
19.810 
19,030 
19,RoO 
19,8'K) 
19,9i>0 
19,940 
l9/r?0 
20,000 



inu PFH 

GAl. 

AT AO F 



CAL PI U G 



157,700 

157s^T»no 

150,600 

155.900 

155,300 

15t,oOO 

153^900 

153,300 

l.'^>2,600 

1.52,000 

151.300 

I5p,V00 

150,000 

149,400 

140,800 

148,100 

117 , 500 

l.U),'80O 

146,200 

145,1)00 

145,000 

14-1,300 

143, 7 OU 

M3. 11)0 

142,500 

141.800 

141,200 

14(r.(.00 

140,000 

139,400 

1.38,800 

130, 2{K) 

137,000 

137,000 
136,400 

135,800 
135,200 
134,700 
134,100 
133,. 500 
1.32, <'00 
132,400 
U1,«K)0 
131,200 
130,700 



10,140 
10,180 
10,210 
10,240 
10,270 
10,301) 
10,3.10 
10,3oO 

'10,3'M) 
10,410 
10,4 lU 
10,470- 

-10,490 
10; 520 
10,?10 
10,570 
i0,5''O 
10,620. 
10,640 
10,600 
I0,6l'.l) 
10,710 
10,7.30 
10,7511 
10,770 
10,790 
'10,810 
10,830 
10,8.50 
10,860 
10,880 
10,<)OU 
10,920 
10,940 
10, ''50 

10,970- 
10,9V0 

11,000 

ll,02<i' 

11,030 

11,050 

11,070 

li,om)^ 

11,100 
11,110 



NET MEAT OF COMBUSTION 

(At C©n»tont Pc««»uie) 



(ill) PER LB 



BTU PfcR 
' Gal 
AT 60 F 



17,290 
17 , 340 
17,390 
17,440 
17,490 
17,540 
17,580 
17^620 
17,670 
17,710 
17,750 
17,7,90 
17 , 820 
17 ,860 
17,900 
17.930 
-17,9oO 
18,000 
18,030. 
18,070 
18, 100 
ia,130 
18, loo 
' 18, 190 
18,220 
18,2.50. 
18,280 
18,310 
10-, 3.10 
18,.3b0 
18,390 
.10,410 
18,430 
18, 

18,480 

-18,510 
18,530 

18,5()0 
18,. 500 
18,600 
18,620 
18,64a-v 
18,060 ^ 
18,680 
W.700 



CAL PtR C 



11 



149,400 
148,800 
148,100 
147,. 500 
1 16,900 
146,200 
145,600 
144,9^0 
1 14,200 
143,600 
142,900 
142,300 
141,600 
140,900 
140,:^00 
139,^()0 
139,000 1 
1.38,300 
J 37, 700. , 
137,100 
130,400 
135,800 
135,200 
13t,60(> 
133. 'K)U 
133.300. 
132,700 
132.100 
131.500 
13O;'»0*)- 
l.W,.30O-, 
129,700 
129,100 

128,500 
127,900 

, 127,300 
120,700 

120,200 

i::5,600 

125,000 

124; 100 

123.900 

123,300 

12«,tt0iy 

122,2^0 



— 



9, (»in 

9,050 
♦J, 670 
9,700 
9,720 
9,7 40 
9,770 
9,79a 
9,810 
9,810 
9,8tj0 
9,880 
9,9(X) 
9,9'JO 
9,940 

9,91(0 
10,000 
10.020 
10,040 

jo,o:.o 

10,070 
10,0"0 
10,110 
10,120 

10. -lU). 
10;l.')0 
10,170 
"10. IW) 

1<1,21HI 

10, ?U) 
1|^^^ 

10,'2«0 
10, -301) 
10.310 
10,320 
10,3.U) 
10,340 
10,3(.0 
10,370 
10,380 
10,3% 



.4* 



Pre-Tes^lO ' 
,31-13 ^ 26 f 




Coal 



Attachment 3-11, Selected Coal Analysis 



2 



Location 



Moisture 



Volatile 
Matter 



Fixed 
Carbon 



Ash Sulfur 



Highy 
Heating 
Value 



Anthracite 



Lackawanna Co. , PA 



Low-Vol. Bituminous McDowell Co., WV 



High- Vol, Bituminous 



Subbituminous A 



Subbituirtinous fc 



Lignite A 



Westmoreland Co. , PA 
Musselshell Co., MT 
Campbell Co. , WY 
Mercer Co. , ND 



2.5 



1.0 



1.5 



14.1 



31.0 



37.0 



6.2 79.4 
16. 2 



1.7 
32.2 
31.4 
37.0 



11.9 0,6C< 12,925 

11.2 5.1 0.74 14,715 



56.6 11.2 1.82 13,325 

46.7 ^ 7.0-1 0.43 11,140 

32. 8^-^' 4.8 0.55 ' 8,320 

32.2 ■ 4.2 " .0.40 7,255 
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ANSWER SHEET for 

#427 — Combustion Evaluation 

Part I Trua-False 

1. T F 

2. T F 

3. T F : . ^ 

4. T F 

5. T F 



Name : 



6. T F 



T F 



8. T' F 



9. T F 



10. T F 



Part II Multiple Choice 



1. abed 

2. abed 

3. abed 

4 . a b c d 
5« a b e d 
6* abed 
7. abed 

> 8. <i b c d 

9. a b c d 

10 ; a b e d 

11. a *b c d 

12. a b e d 
. 13. a b c d 

14. . a b c d 

13. a b c d 
16, a b c d 



Part II (continued) 

17. abed 

18. abed 

19. abed 

20. a b c d 

21 . a b „ c d 

22. a b c d ^ 

23. abed 

24. abed 

25. abed 

Part III Fill in the Blank 

■ " — " ■* " 7 

1. 



2. 
3. 

4. a 

b 

5. a 
b 

6. a 



Pr«-Test 12 

Lrl5 




SCORE FOR PaST-TEST 



hUyWr'A^ SHt'.ET for Post-Test 

— CombUKt ion Evaluation 

Vary I True-Pal MO 



f^L^-- jj LilHlj^^P^*^ Choice 
1. a b c 





a c c\ 




A b A 


'1. 


\^ c d 


I. 

, 


d ^5 c d 


(i. 




7; 


^ b . c d 


8. 


d 0 c d 


9. 


a c d 


10. 


a b 0 ^ 


11. 


a b ^ d 


12. 




13. 


a 0 ^ 


14. 


a b0 6 


15. 


a b ^ d 



] . 


•I' ^ 


17, a b ^ d 


•> 


T (J) 


JH. V) (.• %y 


>3. 


•r 


19. a b c- 


4. 


T Q 


20. ^ b c d ■ 


5. 


© F 


21. a (5/ c d 




. - 


££. a D " 






23. a ^ c d 


B. 




24. a b ^ d 


9. 




25. ^ b c. d -/ 


1 




Part III Fill in tho Blank 



1 • J5iJi/JL4fi_BtyiZlfe 
2. 
3. 



% 141,000 Btu/gal 

2 •5% _ ^ 

fixed carbon/ ash 

volatile matter; moisture 



more fuel NOj^ 

jj^^^^u, — ^. 



b 

6 . a 



use more excess air 



limit SO3, NOjj 



rove efficiency 




#427 — COMBUSTION EVALUATION IN AIR POLLUTION CONTROL 

POST -TEST 

Note: Hie entire test is closed book. Each answer is worth 2 points. 
Enter all answers on the ANSWER SHEET provided. 



Part I True-False 

-Note: For each of the following statements, circle on the answer sheet 
the letter T if the statement is True or the letter F if False. 

1. T F The use of excess air to control furnace temperature always increases 
thermal efficiency. 

2. TP The difference between the gross and net heating values of a fuel i& 
related to the exhaust gas temperature. 

3. T F At equilibrium the temperature is always the adiabatic Flame tem- 

perature. 

4. T F For best overall furnace performance, a gas flame should touch the 

heat transfer surface (tube/water wall). , 

5. T F All chemical reactions are reversible to some extertt. 

6* T F Direct-f iiped aC,terburners are no longer viable for controlling 
gaseous emissions, due to the shortage and cost of natural gas. 

7. T F The region of stable gas flame operation is affected by the' per- 

centage of premixing. 

V 

8. T F If cracking of fuel oil droplets occurs, the flame will change from 

its normally yellow appearance to blue. 

9. T F Lifting of fl2une zone can result \^en gas velocity exceeds the 

flame propagation velocity. 

XO. T F Catalytic incineration operates at considerably lower temperatures 
than direct-fleune afterburners. 



Part II Multiple Clyice 

Note: There is only one "best answer.". Circle the proper letter on the 
answer sheet . 

<' 

1, The emission factor for SO2 is 38 Sf rather than 40 S because 

a some sulfur is n6t burned 

b some sulfur converts to SO3 

c some sulfur may be collected with particulates by' a precipitator 

d all of the above 



Post-Test 1 
31-17 
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The molecular weight of ethylene, €2^4, is 26, and the molecular weight of 
ethyl alcohol, C2H5OH, is 46. The amount of air required for complete com- 
bustion of 28 pounds of ethylene would be 

a less than the air required to burn 46 pounds of ethyl alcohol. 
. b the same as the air required to burn 46 pounds of ethyl 
alcohol . 

c more than the air required to burn 46 pounds of ethyl alcohol. 
The availa^e heat from a combustion system is the 

a net heating value of the fuel less the flue- gas losses^ 

b gross heating value of the fuel less the heat content of com- 
bustion products at the adlabatic flame temt)erature . 
' c gross heating value of the fuel plus the heat content of input 
fuel and air, less the flue gas losses. 

The higher heating value is not equivalent to thd 

a gross heat of combustion, 

b net heat of combustion, 

c gross calorific value* 

d total heat of combustion. 

CO2 is an important parameter in combustion control because CO2 is an 
indication of 

a high combustion temperature, 

b excess air. 

•c fuel burned, 

d dissociation. 

Two-stage combustion may be accomplished by 

a turning up the primary air. ^ 

b providing overfire air ports, 

c lean combustion followed by rich combustion. 

^ increasing the underfire air. 

Concentration stanSards may be expressed in 

a yg/m-'. r 

b ton/hr. 

c million Btu/hr. 

d kg/h,r. ' • 

An air preheater has the following effect on a combustion system 

a ^lecreases efficiency. 

b increases efficiency. j 

c requires more fuel.. ^ , 

d produces less NOy. ^ 

Post-Test 2 



The Arrhenius equation permits the calculation of - 

a the efficiency of I catalyst as a function of its surface, 
b the effect of temperature on the reaction rate, 
c utilization of stoichiometric air. 

Temperature and residence time requirements for toxic chemicals (such as 
pesticides) in comparison to those for hydrocarbons of similar structure 



are 



a approximately the seune. 

b considerably higher due to the presence of chlorine and 

nitrogen atoms. - 

c considerably higher due to the need for higher destruction 
efficiencies for safety reasons. 

Thermal incineration of combustible gaseous pollutants in low concentra- 
tions requires a combination of temperatures and residence times which, 
typically for hydrocarbon solveiits, are 

a 500 to 1,000^ for 0.2 to 0.4 sec. ^ 

b 1,600°F for 1 to 2 sec. 

c 1,200 to 1,400^F for 0.3 to 0.5 sec. 

The proper equation to be used in correcting emissions to a 50% excess air 
basis is 

• , 1.5 02p - 0.75 COp 
a - 1 - ^.21 ^ 

1.5 02p - 0.133 lil2p - 0.75COp 
b = 1 . 0.21 



<= ^5a 



(O^p - 0,5 C Op) X 100% 
0.264 N2p - (02p - 0.5 COp) 



The proper equation for determining <^he excess air from a fiue gas Otsat 
analysis is , 

0.21 - 02p 



b %EJ^ 



C %EA * 



(02p - 0. 5 COp) X 100% 
0.264 N2p - (02p " 0.5 COp) 

C02p 
0.12 

I 



. % . 
Post-Test 3 



14. A continuous source of ignition for oil firing is 

a more critical than for gas-fired units- 

b* generally an electrode fqjr a utility boiler, 

c generally an electrode for domestic units. ^ 

d generally a pilot light for residential units. 

15. Vanadium in fuel oil influences corrosion 

a of nozzles by formipg a fuel acid, 

b by acting as a catalyst to shift UO2 to NO3. • 

c by acting as a catalyst to shift SO2 to SO3- 

d changing the dew point, 

16. More auxiliary fuel in the afterburner of a controlled-air incinerator is 
usually needed if the gas temperatures are ^ 

a below 2,100OF. ^ 

b below 1,700^F. , 

c below 1,500^F. 

d above 1,700^F. 

17. ash fusion ten^erature^f coal ^ , 

a is important when ^onsiderirjg^ burning iti a pulverized form. 

b should be low enough to form a good czdce. 

c indicates the potential of fprrming clinkers or slag. 

d i3' lower thin the ash-softening temperature. 

18. An increase in a solid fuel's volatile matter 

i ■■ ■ -i • ■ 

a requires an increase of overfire air in ^stoker-fired systems, 
b increases the tendency to smoke. 

c implies a decrease in the solid fuel's residence time require- 
ments. 

] d all of the above. 

19. A pulverized-coal furnace burning eastern -coal would typically have a COj 
level around 

e 

a 5 to 10%. . ^ • . 

b 3 ,to 5%. " . 

c 20 to 25%. 

d 13 to 15%. 

20. Thermal efficiency is generally improved with 



:erjc 



a less excess air than at the smoke limit. 

b flue gas rescirculatibn. 

c reduced cc«tibuBtion air preheat. 

d more excess air than at thjp smoke limit. 



A Post-Test 4 • 2R() 
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^ 21. "Lowest practical O-^** 

a is lowttr than the "minimum O2." 

b provides for an operating margin below the smoke limit. 

c results in less smoke than at "minimum Oj." 

d results in more NOx emissions than at "minimum 02-" 

22. "Thermal NOj^" and "Fuel NOj^" have similarities because 

a the formation of each is directly related to temperature, 
b the formation of each is inversely related to temperature, 
c excess air is an effective control technique for each. 
^ a flue gas recirculation is an effective control technique 

for each. 

23. A rotary-cup burner unit generally has greater particulate emissions than 
a mechanical atomizer unit because the 

a viscosity is too high, 

b drop sizes are too large, 

c residence time is too long, 

d' the cup's edge is ctiippe^. 

24. Atomization size and pattern shape are 
a influenced only by oil pressure. 

b maintained by, daily replacement of old nozzles with new nozzles 

on oil-fired utility units, 
c maintained by cleaning nozzles each shift on oil-fired utility 
units. 

d are about the same for all nozzles sold for residential units 
in the*USA. 

25. What i« the maximum sulfur content for a 12^ API fuel oil vhich must meet 
a 0.80 lb SO2/IO6 Btu standard? ' , 

• > 

a .75%. 
b 1.50%. 
c 1.00%J 
d 6.15%. 



Part III Fill in the Blanks 

: ■ ~ 

1. Give a representative higher heating value for a western subbituminous 
coal t \> Btu/lb. / ^ 

2. Give a representative value for the total heat of combustion for a No. 2 
fuel oil t ^ Btu/gal. 

3. Give a representative laoisture value for a typical eastern anthracite 
coalt - %. 



Post-Test 5 



A 



4. List two components in the proximate analysis: a 

b 



/ 



5. List two reasons why NO^ control from coal-fired boilers i« more difficult 
than from similar oil or gas units: ^ 



a 



b • ^ ^ 

6. Most larger furnaces burning fuel oil limit the excess air to around 
2 to 5%, rather than 10 to 20% because of: 



7. Reinjection of fly ash from stoker-fired units increases the 



Part IV Problems 

1. A certain mass of hydrogen occupies 100 ft3 ^t GOOpand 1 atm. pressure 
The temperature and pressure of the gas are increased to 580°? and 2.5 atm. 
Wl.at is the volume of hydrogen at the new condition? . — _ ft . 

2. For typical municipal solid w^ste having an as-fired heating value of 
6,203- Btu/lb, calculate the furnace volume required per ton of waste per 
hour if a reasonable design is 20,000 Btu/hr ft^: , ft . 

3 If the energy output needed is 100 x 10^ Btu/hr, ""calculate the oil-firing 

rate if the thermal efficiency is 85%, the heating value is 150,000 Btu/gal: 

- gal/hr. 

4. If western hemlock has a dry heating value of 8,600 Btu/lb, calculate the 
as-fired heating value if the moisture as-fired is 57.9%: Btu/lb. 

5 A spreader stoker-fired furnace burns coal at a rate of 100 ton/hr. The 

coal has a gross heating value of 26,000,000 Btu/ton and a' 10% ash content. 
Calculate the fly ash collector efficiency required to meet the Federal 
particulate emission standard qf 0.1 pounds per million Btu. Note the 
uncontrolled emission factor f oy a spreader stoker is 13A (lbs/ton), 
where A is th^ percent of ash in the coal.' % 

% efficiency. 
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Attachment 3-1, Analyses of Samples of Natural Gas 



Sample No. 


1 


2 


3 


4 


S^Nirce of Cu 


P«. 




01 ik) 


La. 












CoiistlluciitK, % by vol 








* 


llo llydrogM) 






1.82 




Cii^ Mrtlmiir 


83.40 


H4:60 


03'i3 


90.00 


CJU Klhylrriii 






0.25 




C2!lo iCthaiMi 


15.80 


14.80 




5.(K) 


C'O (litiUm Dtonoxulc 






0.4.S 




CO.y (!«irlH>ii (liitxKir 




0.70 


0.22 






0.80 


0..'>0 


3.40 


5.(H> 


O2 C>xygiii 






03.5 


/ 


U S M)-(lro^ri) :«\il(((lr . 






0.18 














S Sulfur 






034 




II2 lly<lnvqr)i 


2:1.5.1 


2310 


23.20 


2;-?.f»a 


C ( !:irlKUi 


7.V25 


71.72 


fl«).12 


00.20 




1.22 


0.70 


5.70 


.S.Ofl 


O2 l)\y>;<i) 




1.22 


I.-IH 




SjM vilif gravity ( rrl to nir ) 


0.0.10 


O.n.lfl 




0000 


iligiirr lu\it v;iliio 










Btu/cii fl (if ({OF & W in. Hg 


1,129 


1,110 


964 


" 1,002 


Bhi/JI> of f\n\ 


23,170 


22,904 


22,077 


21,824 


Reprinted with |\ 


prmls.slon 


of 




Babcock 


& Wilcox 
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Attaclunent 3-3, Df:tailed RequircinenLs f/^r Fuel Oils'^ 



1^ 



5" 

(A 
ft 
I 

I? 

(0 
(+ 

00 



27 



Or««« I^W** Oil 



Point. 



fmvf 

Point. 
F 



- A dilMilott P4l initnd»d lof vapor | 100 or 

; bwffwri f*qv<f«Af thli fredt of;' 
■'M ' i 



. A diitiMo^t #il for f vnt »ol pvrpoit • : 1 00 of 

H9. 7 dOTt^ttK n«o*tnf for VI t mbufnt 11 It0ol 
I not i«^winno Ho. 1 Ivrl oil *\ 

• An o«t for >\Kn*r initoHodoni not ^ MO 

No 4 •twJpp«d wi»*t p»«KtOiing fotii legol | 
Ml*. V . 

I 

I A rtildwotiyp* oil fo# bwf««r in- j 130 o* 

^o 3 »t#M«i»oni«««ipp«d Wlihpithtoi ^. ttgol 



JO' 



20 



■ nd 
S«dl(n«nt. 
por f«nt 

WV 
v«twin« 

If oct 



0.10 



t«fidy* Afth, 

or 10 ^or ftnt 
p^r *«nf 

Itttomi woigKt 

pti fOnt 



OivtilUtion 
TomptfMtwr^k, 

f 



ioybott VUcotHv. t«< 



tontivtpfcp* 



0.33 



Mat 



Mo* 

430 



Pot' lOOf 



Fufof nl 



At » 00 r 



0#«y- C«p^ 

itV. .. 

API 



550 



M.n Mob 



Min Moa Min Moi 



640' J40' 37?3 32.6 



I 



, An Oil fo' wio in buf nof i tqv>PP*d 
Hp. 4 with prohtotori poritiitting hitfh ^ 
( vllCOIity Iwtl 



150 



0.50 



1.00 



2.00^ 



0.10 



0.10 



125 



45 



2.2 



(3.6)' 



(26.41 



).4 



i2,or ' 



Ql A* ft 



33 



30' 



3 



150 



40 



300 



43 



(SI) 



(32-1) (in 



(631) -(9?) 



1 



$vllu(, moji pff C«nt 
1.0 
'fkO limit 



fi«d in occofdonct with tht flowing lobU. 

O'odt of fyf \ Oil . 

No. 1 

p 

No. 2 ■ , ' ■ 

No. 4 _ 

No. 5 ...... 

No. 6 ' ' ■ 

OlWr n,lU *oy .b...p.ci«.d only .."-.^ut.ol og.*.m.n, b..*... .K. p.K.o,.. ond th. ,.1Ur. . . 

^ „ I. th, inunt of .h.,» cioMinco.ion, .ho. foiM. to o^y r.Q. t ^f o rv.n g.odr dp*, not o.r6mo..colly ploc on O.I in .h. «.« t, 

•< •>•» lower »IO<<«. ' u 

• lo«.r or W«K». M»> poi,.. moy b. .p.cfi.d .K.n»v„ r-qu...d by co«<*i.ion. cl .ro.og* o. «... Ko-.v.r. 
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Attachment 3-11, Selected Coal Analysis^ 
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